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development  of  LIF  techniques,  their  applications  to  flames  and 
laser/pyrolysis  (LP)  kinetics  experiments,  and  rate  constant  estimation 
studies  for  detailed  combustion  chemistry  modeling.  The  systems  studied  were 
those  of  hydrocarbons  burning  in  nitrous  oxide.  These  contain  some  of  the 
chemical  networks,  individual  reactions,  and  intermediate  species  present  in 
the  gas-phase  combustion  of  nitramine  propellants  such  as  HMX  and  RDX. 

Described  are  experiments  investigating  the  spectroscopy  of  the  tr^tomic 
free  radical  NCO  in  flames,  and  spectra  and  collisional  quenching  of  NCN  in  a 
low-pressure  flow  system.  Transition  probability  measurements  were  made  on 
the  CH  free  radical  in  flames.  Also  developed  was  a  method  of  multiple 
species  detection,  using  a  single  tunable  laser  wavelength  to  measure 
simultaneously  as  many  as  four  free  radicals  having  overlapping  absorption 
lines  but  spectrally  resolvable  fluorescence.  State-specific  fine  structure 
transfer  and  quenching  in  3p^D  nitrogen  atoms  was  investigated.  Rate  constant 
formulations  for  unimolecular  and  bimolecular  chemical  reactions  were 
established,  and  the  technique  of  laser  pyrolysis/laser  fluorescence  was 
developed  for  application  to  controlled  combustion  chemical  networks. 

This  report  consists  of  a  background  description  of  nitramine  combustion 
chemistry  and  the  pertinence  of  free  radical  measurements,  followed  by  a  brief 
description  of  results  in  each  research  area.  Further  details  can  be  found  in 
the  ten  corresponding  publications  reproduced  as  part  of  the  report. 
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I  INTRODUCTION 


Knowledge  of  the  detailed  chemistry  that  occurs  in  a  combustion  process 
can  be  useful  in  several  ways  in  understanding  and  thus  controlling  the  system 
that  includes  that  combustion.  The  first  are  those  aspects  in  which  the 
chemical  kinetics  itself  dominates  (e.g.,  ignition  processes  in  many  cases). 
Secondly,  the  effects  of  additives  or  modifiers  can  be  understood  and 
ultimately  tailored  for  beneficial  purposes.  The  third  is  establishing  the 
relationship  between  some  observable  that  is  readily  measured  in  a  complex 
system  (such  as  the  emission  of  light  in  a  particular  spectral  region)  to  the 
behavior  and  progress  of  the  overall  process. 

To  understand  such  details  of  the  combustion  chemistry  at  a  microscopic 
level,  it  is  necessary  to  measure  and  relate  to  one  another  the  concentrations 
of  the  free  radical  intermediates  that  are  formed  and  converted  during  the 
course  of  those  chemical  reactions.  This  information  can  be  used 
quantitatively,  by  comparing  with  the  results  of  a  computer  model  of  the 
reaction  network,  or  qualitatively,  to  draw  insight  into  the  mechanism  from  an 
examination  of  the  relative  rates  of  appearance  and  disappearance  of  key 
intermediate  species. 

During  the  past  six  years,  we  have  performed  research,  under  Army 
Research  Office  support,  on  intermediate  species  and  chemical  reactions 
expected  to  be  found  in  the  gas  phase  chemistry  of  the  combustion  of 
nitramines.  This  comprises  two  closely  related  parts:  the  development  and 
use  of  the  method  of  laser-induced  fluorescence  (LIF)  detection  of  reaction 
intermediates,  and  the  formulation  of  chemical  models  and  rate  constant 
estimation  techniques  for  the  reaction  networks  involved.  Particular  focus 
has  been  given  to  flames  of  hydrocarbons  and  formaldehyde  burning  in  oxides  of 
nitrogen. 

Several  important  findings  have  resulted  from  this  research.  A  key  early 
finding  was  the  first  observation  of  NH  radicals  in  CH^/^O  flames,  raising 
significant  questions  (not  yet  answered)  about  their  role  in  the  chemistry  of 
flames  in  oxides  of  nitrogen.  Quantitative  experiments  were  refined,  using 


absorption  measurements  in  atmospheric  pressure  burners  at  the  Ballistic 
Resear .h  Laboratory  (BRL) ,  where  copious  quantities  of  NCO,  CN,  and  NH 
radicals  were  found.  Part  of  the  SRI  research  consisted  of  spectroscopic 
studies  of  NCO,  NH2,  and  CH  in  flames,  including  a  successful  search  for 
wavelengths  at  which  2,  3  or  4  radicals  could  be  detected  simultaneously,  a 
technique  that  could  prove  very  useful  in  probes  of  actual  propellant 
flames.  Collisions  of  radicals,  including  the  important  OH  molecule,  have 
bean  studied  for  the  purpose  of  establishing  quantitative  LIF  measurements,  at 
the  same  time  yielding  new  insights  into  the  dynamics  of  molecular 
collisions.  Two-photon  LIF  detection  of  the  oxygen  and  nitrogen  atoms  was 
first  accomplished  on  this  project,  and  has  led  to  flame  detection  experiments 
in  many  laboratories  including  a  series  of  experiments  at  BRL.  Reaction  rate 
constants  needed  in  the  modeling  of  combustion  chemistry  have  been  formulated 
and  codified  within  a  reliable  theoretical  framework.  In  particular,  these 
studies  have  now  resulted  in  the  proper  incorporation,  into  flame  models,  of 
the  combined  temperature  and  pressure  dependence  of  reactions  proceeding 
through  bound  intermediates. 

In  the  following  Background  section,  we  describe  some  aspects  of 
nitramine  chemistry,  indicating  the  potential  importance  of  some  of  the 
reactions  and  species  to  be  studied,  together  with  some  comments  on  how  these 
laser  probes  and  chemical  models  might  be  used  to  infer  some  understanding 
about  the  experimentally  difficult  problem  of  actual  nitramine  combustion. 
Next,  we  detail  the  progress  made  during  the  last  three  years  of  this  project, 
that  covered  by  the  contract  DAAG-29-84-K-0092 . 


II  BACKGROUND: 


NITRAMINE  COMBUSTION  CHEMISTRY 


The  class  of  propellants  known  as  nitramines  (cyclic  nitroorganic 
compounds,  in  particular  HMX  and  RDX)  possesses  several  desirable  qualities, 
such  as  high  energy  release  coupled  with  low  vulnerability.  However,  they 
also  have  disadvantages,  including  low  burn  rates  and  marked  breaks  in  the 
slopes  of  curves  of  the  burn  rate  versus  pressure.  Ideally,  modifiers  could 
be  added  to  ameliorate  these  undesirable  characteristics  without  degrading  the 
positive  attributes. 

The  selection  of  possible  modifications  is  very  difficult,  for  the 
mechanisms  by  which  the  propellants  ignite  and  burn  is  not  well  understood. 

The  global  chemical  approaches  useful  to  describe  overall  combustion  in 
tvpical  ballistic  models  are  not  helpful  for  detailed  chemical  kinetic  and 
mechanistic  questions.  Part  of  the  experimental  problem  is  the  high  pressure 
and  hostile  environment  under  which  actual  propellants  burn,  making  detailed 
experiments  extremely  difficult.  For  example,  the  distance  scales  involved 
pose  special  problems.  The  fizz  (or  flame)  zone  near  the  propellant  surface 
is  thought  to  be  some  tens  of  micrometers  thick  at  the  lowest  pressures  at 
which  the  propellants  burn.  Although  this  is  in  principle  amenable  to 
measurement  by  high  resolution  laser  methods,  the  surface  irregularities  are 
larger  than  the  flame  thickness,  in  effect  rendering  undefinable  the 
appropriate  length  scales.  Consequently,  information  on  propellant  ignition 
and  combustion  mechanisms  at  a  fundamental,  molecular  level  must  come  from  a 
variety  of  separate  sources  not  entailing  the  direct  burning  of  propellants 
under  conditions  found  in  guns. 

Many  experiments  on  actual  propellants  are  of  course,  most  valuable; 
these  include  final  or  intermediate  stable  product  determinations  by  gas 
chromatography  or  molecular  beam  mass  spectrometr ic  sampling.  In  flames  at 
lower  pressure,  reactive  intermediates  have  been  detected.  Fitting  such 
observations  into  a  detailed  chemical  description  of  the  gas-phase  propellant 
combustion  requires  separate  experiments  to  develop  and  validate  the  flame 
chemistry  itself;  such  experiments  are  the  subject  of  this  proposal. 
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The  gas -phase  pare  of  nitramine  flames  forms  an  important  part  of  the 
propellant  combustion.  Simple  chemical  considerations  show  that  the  majority 
of  the  heat  release  occurs  in  the  gas  phase.  It  is  this  energy,  fed  back  to 
the  surface,  that  controls  the  initial  vaporization  and  decomposition 
processes  chat  take  place  in  the  condensed  phase,  on  the  solid  (liquid) 
surface,  or  immediately  below  it. 

Gas -phase  processes  are  probably  crucial  in  the  ignition  of  the 
propellant,  particularly  when  convective  heating  is  involved.  At  BRL,  the 
ignition  of  RDX  was  studied  in  a  flow  of  hot  nitrogen.^  The  results  showed 
that  ignition  occurred  in  the  gaseous  wake,  probably  from  reactants  that 
formed  from  pyrolysis  of  gaseous  species  evolved  from  the  solid.  The  flame 
then  propagated  back  to  the  surface.  In  convective  flow  experiments  at  much 

o 

higher  temperature,  ignition  was  also  found  to  occur  in  the  gas  phase.  LIF 
imaging  was  used  very  recently  to  study  ignition  following  laser  heating  of 
solid  HMX  at  the  Naval  Weapons  Center.  Radical  species  such  as  NH  and  CN 
were  first  created  in  the  gas  phase  well  above  the  solid,  and  then  "snapped 
back"  to  the  solid  surface,  continuing  the  flame. 

What  are  the  constituents  of  these  gas -phase  flames?  Although  many 
experiments  have  been  performed  on  the  thermal  decomposition  of  nitramines, 
the  results  using  different  measurement  techniques  and  under  different 
conditions  are  often  in  disagreement.  Schroeder^  has  reviewed  the  literature 
in  this  area  and  concludes  that  the  point (s)  of  bond  cleavage  in  the  cyclic 
compounds  are  not  known.  Various  decomposition  products  have  been  found. 
Early  molecular  beam  mass  spectrometric  sampling  methods"’’ ®  indicated 
considerable  quantities  of  Q^O  and  N£0  present  in  decomposition.  Infrared 
measurements^'^  were  performed  at  BRL,  in  the  wake  of  convectively  heated  but 
unignited  RDX;  these  showed  NO2,  ^0,  HCN  and  some  CC>2  (CH2O  was  not 

O 

detectable  in  this  experiment) .  Results  from  LCWSL  obtained  using  coherent 

anti -Stokes  Raman  scattering  (CARS)  in  the  dark  zone  of  an  atmospheric 

pressure  flame  of  RDX  are  in  partial  conflict  with  those  findings.  In  the 

flame,  CO,  CO2 ,  H2  and  HCN  were  found  near  the  surface  and  CH^,  C^O  and  NO 

were  observed  in  minor  quantity.  Neither  NO2  nor  N2O  were  observed. 

q 

(However,  as  pointed  out  by  Parr,  later  unsuccessful  attempts  to  measure  NO2 
in  static  cells  indicate  this  is  very  difficult.)  Early  HMX  pyrolysis 
experiments^"®  in  the  Department  of  Chemical  Kinetics  at  SRI  showed  that  the 
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molecular  elimlnaClon  of  HONO  was  a  major  pathway.  Recent  experiments  from 
this  group ^  on  dimethyl  nitramine  using  an  improved  apparatus  indicate  that 
the  nitroso  compound  is  a  major  product,  but  formed  very  rapidly  through 
secondary  reactions. 

In  view  of  this  array  of  results,  it  is  impossible  to  select  a  single 
particular  system  that  will  fully  mimic  gas -phase  ignition  and  combustion  of 
nitramines.  Clear ly^’^  a  variety  of  pathways  are  present  in  the  modes  of 
decomposition,  and  these  are  likely  to  vary  in  importance  with  pressure  and 
temperature.  A  sound  description  of  the  fundamental  chemistry,  validated  by 
measurements  of  key  intermediate  species,  is  needed  to  sort  out  the  actual 
situation(s)  under  the  experimentally  untractable  conditions  where  propellants 
bum.  In  this  regard,  it  is  important  to  try  to  examine  species  and  hypothetical 
mechanisms  which  differ  upon  different  modes  of  breakup  of  the  nitramine. 

We  have  chosen  to  examine  the  chemistry  and  intermediate  reactive  species 
found  in  flames  of  hydrocarbons  and  mixed  H-C-N-0  compounds,  burning  in  oxides 
of  nitrogen.  Flames  of  CH^/^O  and  C^O/^O  contain  pertinent  and 
representative  species  and  chemical  sequences;  the  most  experimentally 
tractable  flames  in  this  class,  they  have  been  the  subject  of  study  in  the 
first  six  years  of  this  project.  CH^^O  flames  have  also  been  studied  at  BRL 
and  LCWSL  using  CARS,  Raman  scattering,  and  LIF. 

Interesting  questions  posed  by  other  flames  studies  can  be  addressed. 

Flames  of  CH4/O2/NO2  have  been  studied  recently  at  the  University  of  Colorado, ^ 
showing  many  the  same  species  (OH,  NH,  CN,  CH  and  C2)  found  in  the  NjO-based 
flames  studied  at  SRI  and  the  Army  laboratories.  A  two-stage  flame  was  clearly 
established,  and  it  was  suggested  that  this  was  due  respectively  to  oxidation  by 
O2  and  later  NO2 .  Many  of  these  same  reactive  species  were  found  in  emission 
(together  with  OH  and  CN  using  LIF)  in  flames  of  HMX  burning  at  high  pressure,  in 
studies  at  the  Air  Force  Astronautics  Laboratory.  Two  formulations  of  HMX  were 
used,  differing  only  by  the  amount  of  and  type  of  binder.  One  had  no  dark  zone; 
the  other  had  a  dark  zone  plus  a  much  more  extended  reaction  zone  (as 
distinguished  by  CN  LIF  signals) .  Clearly,  small  variations  in  the  formulation 
chemistry  can  have  large  effects  on  the  mode  of  combustion.  For  a  proper 
description,  that  chemistry  will  also  have  to  be  considered;  with  a  large  array 
of  possible  formulations,  it  is  essential  to  have  a  sound,  validated,  fundamental 
understanding  of  the  chemical  mechanism  involved. 


Ill  RESULTS 


The  research  during  the  six-year  overall  duration  of  this  project  has 
been  concerned  with  species  detection  and  chemical  reaction  rates  and 
mechanisms  in  flames  of  CH^/N20  and  CH20/N20.  In  this  section  we  describe  the 
progress  and  findings  thus  far.  A  short  synopsis  of  the  work  performed  in  the 
first  three  years  (Section  A)  is  followed  by  a  more  detailed  description  of 
that  in  the  last  three-year  period  (Sections  B,  C,  and  D) .  Reprints  of 
articles  from  1984  to  present  are  included. 

A.  Results  from  1981  to  1984 

In  early  studies^  of  flames  of  CH20/N20  at  BRL,  emissions  from  the 
radicals  NK,  CN,  and  NH2  were  seen,  suggesting  breakage  of  the  N-N  bond  and  a 
possible  role  for  these  radicals  in  the  chemistry.  Therefore,  at  the  onset  of 
the  project,  a  flame  of  CH^/N20  was  examined  for  the  presence  of  the  NH 
molecule  in  the  chemically  important  ground  state. Finding  it  at  signifi¬ 
cant  levels  raised  new  and  interesting  questions  concerning  radical  chemistry 
in  such  flames.  Subsequently,  probes  of  such  flames  at  BRL^  showed  not  only 
NH  but  also  CH,  C2 ,  CN  and  NCO.  At  SRI,  we  studied  the  NCO  radical  in  a 
discharge  flow  system,  including  spectroscopic  and  lifetime  measurements.^ 

Oxygen  and  perhaps  nitrogen  atoms  are  also  important  participants  in 
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flames  burning  in  N20.  A  new  method  of  two -photon  LIF  was  developed  to 
detect  these  species  in  flames  and  plasmas.  It  has  since  been  used  exten¬ 
sively  in  laboratories  around  the  world,  including  a  series  of  experiments  at 

BRL  concerned  with  possible  photochemical  effects  accompanying  two-photon 
19 

flame  diagnostics. 

The  OH  radical  is  unquestionably  the  most  important  reactive  molecular 
species  and  is  therefore  the  subject  of  most  LIF  flame  measurements. 
Quantitative  detection  requires  knowledge  of  collisional  quenching  of  the 
electronically  excited  state.  Measurements  for  several  colliders  in  a  laser 
pyrolysis  system  at  -1100  K  showed  for  the  first  time  that  OH  quenching  cross 


and  were  che  first  in  a 
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sections  decrease  with  increasing  temperature, 
series  of  investigations  of  hydride  quenching  collisional  dynamics  in  this 
laboratory . 

Modeling  of  the  isothermal  high  temperature  chemistry  of  the  Ct^O/^O 
system  was  performed,  with  special  emphasis  on  understanding  the  origin  of  the 
NH  radical.  This  remains  unsatisfactorily  explained  in  1987,  despite  its 
observation  in  many  flame  systems  in  our  laboratory  and  elsewhere.  In  such 
combustion  chemistry  models,  it  is  necessary  to  have  rate  constant  expressions 
valid  over  a  wide  range  of  temperature,  including  the  pressure  dependence  for 
unimolecular  decomposition  as  well  as  the  large  number  of  bimolecular 
reactions  proceeding  through  bound  intermediates.  Parameterization  of  the 
rate  constants  within  the  proper  theoretical  framework  has  been  an  important 
aspect  of  this  part  of  the  project;  during  this  period  the  reactions 
H2CO  -•  H  +  HCO  and  ^0  N2+  0  were  studied.  ^ 

B .  Flame  Species  Spectroscopy 

1.  NCO  and  NH2  visible  excitation  in  flames.  Both  the  NCO  and  NH2  radicals 

are  present  in  significant  amounts  in  flames  burning  in  oxides  of  nitrogen. 

They  are  of  imputed  importance  in  certain  aspects  of  flame  chemistry  pertinent 

to  N0X  production.  These  triatomic  radicals,  with  three  vibrations  and  (in 

the  cases  of  NCO)  Renner-Teller  split  states,  have  a  considerably  more  complex 

laser  spectroscopy  than  the  diatomics  previously  studied.  A  comprehensive 

survey  of  the  LIF  spectrum  in  a  CH^/^O  flame,  and  the  NH2  molecule  in 

NH3/O2  and  NH3/N20  flames,  all  burning  rich  at  one  atmosphere,  was  made.  NCO 

2+2  2  2 

was  excited  in  both  the  AS  -  X  and  B  -  X  11^  systems;  the  former  is 

much  more  intense  and  can  be  more  easily  made  free  of  strong  interfering 

2  2 

transitions  due  to  diatoraics.  NH2  was  excited  in  the  J  Aj  -  rB^ 
transition.  It  was  found  that  use  of  excitation  and  fluorescence  wavelengths 
farthest  to  the  red  minimize  background  interferences  for  this  molecule. 

23 

2.  Transition  probabilities  in  CH .  An  experimental  study  was  made  of 

2  2 

relative  intensities  of  different  vibrational  bands  of  the  A  A  -  X  II  and 
2  -  2 

B  S  -  X  II  systems  of  the  CH  molecule,  using  LIF  in  atmospheric  pressure 
methane  flames.  The  results  were  compared  with  theoretical  calculations  using 


Morse  vibrational  wavefunctions  and  a  variety  of  previously  computed  ab  initio 
electronic  transition  moments.  This  relatively  easily  detected  diatomic  is 
present  in  many  hydrocarbon  and  hydrocarbon- fragment  flames;  although  its  high 
temperature  chemistry  is  not  yet  well  known,  it  appears  to  be  a  good  candidate 
for  LIF  probing  to  follow  combustion  chemical  mechanisms. 

o 

3.  Spectroscopy  of  vibrationally  excited  X  nt  NCO.  LIF  excitation  spectra 

at  0.3  cm'^  resolution  were  performed  for  the  A-X  system  of  NCO  in  an 
atmospheric  pressure  CH^/^O  flame .  ^  This  combination  of  selectively 
detected  LIF  and  a  hot  flame  environment  provided  high  resolution 
investigation  of  many  levels  inaccessible  in  conventional  spectroscopy. 
Spin-orbit  splittings,  rotational  and  vibrational  constants  have  been 
determined  for  ten  vibrational  levels.  The  results  agree  well  with 
theoretical  predictions  of  Renner-Teller  interactions,  when  one  takes  into 
account  Fermi  resonance  to  explain  variations  in  the  spin-orbit  splitting  and 
rotational  constants  for  four  levels  with  v,  -  1. 

U.  Multiple  species  flame  diagnostics.  We  undertook  a  search  for  tunable 
laser  wavelengths  suitable  for  the  detection  of  two  or  more  radical  species  at 
the  same  time.  Understanding  the  chemistry  of  something  as  complex  as 
nitramine  combustion  requires  knowledge  of  the  concentration  of  more  than  one 
reactive  molecule.  This  is  difficult  in  a  flame  whose  burning  varies  with 
time,  such  as  a  propellant  combusting  on  a  strand  burner.  Even  if  two  or  more 
lasers  are  used  in  an  attempt  to  simultaneously  measure  two  or  more  species, 
it  is  very  difficult  to  ensure  that  the  beams  will  be  probing  the  same  volume 
in  the  flame.  The  concentrations  will  vary  over  short  distances  just  as  they 
will  over  short  periods  of  time.  In  a  complex,  turbulent  environment,  effects 
such  as  beam  steering  exacerbate  the  problem. 

By  using  one  laser,  however,  to  excite  more  than  one  radical,  we  can 
obtain  relative  concentrations  on  a  single  laser  shot,  for  the  exact  same 
spatial  volume  within  the  flame.  Such  relative  concentrations  are  much  more 
meaningful  indicators  of  the  flame  chemistry  than  ratios  taken  from 
concentrations  averaged  over  many  different  conditions  (i.e.,  from  a  series  of 
laser  shots,  each  measuring  one  species  at  a  time).  The  idea,  then,  was  to 
find  wavelengths  at  which  two  or  more  radicals  could  be  excited  by  the  laser; 


each  species  would  then  be  distinguished  by  its  fluorescence  spectrum,  which 
would  be  distinct  for  each  molecule. 

Excitation  of  CH(C2Z+) ,  NCO(X2n1),  CN(B2E+),  OH(A2S+)  and  NHCA3^)  occurs 
in  the  wavelength  region  near  315  nm  and  was  studied  in  flames  of  CH^/^O. 

Many  places  were  found  at  which  pairs  of  these  radicals  could  be  excited.  At 
one  wavelength,  312.2  nm,  an  overlap  among  resonant  transitions  of  OH,  NH,  CH 
and  CN  was  found;  by  tuning  the  laser  here,  all  four  radicals  could  be 
measured  simultaneously  in  space  and  time. 

Several  interesting  collisional  effects  were  also  observed.  Following 

laser  excitation  of  OH (AS  ),  emission  was  observed  from  both  NH(A  11^)  and 
2  + 

CN(B  S  ),  and  attributed  to  a  surprisingly  efficient  collisional  energy 

transfer  from  OH(A)  to  the  other  radicals.  Collisional  energy  transfer  from 
2  +  2  2  - 

the  C  E  state  of  CH  to  its  A  A  and  BE  states  was  observed  and  exploited  to 
detect  CH  LIF  in  a  spectral  region  free  from  NH,  OH  and  CN  interference. 

5.  Quenching  of  nitrogen  atoms.  The  quenching  of  electronically  excited 
nitrogen  atoms  was  studied  in  a  low  pressure  discharge  flow  system.  These 
results  were  designed  to  provide  an  understanding  of  collisional  quenching  of 
the  highly  excited  levels  of  atoms  involved  in  two-photon  LIF.  N  atoms  in  the 
2p23p  ^D°  state  were  prepared  in  a  low  pressure  discharge  flow  with  two-photon 
excitation^  at  211  nm.  Time-resolved  fluorescence  of  the  ■+  transition 
at  869  nm  was  used  to  monitor  the  upper  state  population.  The  radiative 
lifetime  was  determined  to  be  43  ns,  and  quenching  cross  sections  were 
measured  for  all  five  rare  gases.  There  is  a  surprisingly  large  variation, 
going  from  <0.5A2  to  95A2  for  He  to  Xe ,  respectively.  This  was  interpreted  in 
terms  of  a  mechanism  involving  long-range  attractive  forces  and  curve -crossing 
in  the  rare  gas  collider. 

6.  LIF  spectra,  lifetimes  and  quenching  of  the  NCN  radical.  The  NCO  radical 
is  now  known  to  be  present  in  large  quantity  in  CH^/^O  flames,  and  hence  may 
well  be  of  chemical  signficance.  The  presence  of  other  triatomic  radicals 
such  as  NCN  in  this  or  other  flames  could  also  provide  important  signals 
concerning  as  yet  unknown  aspects  of  the  combustion  chemistry  mechanism.  LIF 
of  NCN  has  been  detected  for  the  first  time,2^  via  the  A3IIU  -  X3Z^  transition 
near  329  nm.  It  was  produced  in  a  flow  discharge  in  He  containing  a  trace  of 
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CF^  and  N2.  Excitation  and  fluorescence  spectra  and  radiative  lifetimes  were 
determined  for  the  strong  000*000  band  as  well  as  several  previously 
unobserved,  weak  off-diagonal  bands.  (Not  all  spectroscopic  features  have 
been  identified  with  certainty  yet.)  Quenching  cross  sections  were  obtained 
for  13  different  colliders,  and  vary  more  than  a  hundredfold,  from  <0.lAz  for 
He  and  N2  to  >50A^  for  NO,  Xe  and  CCl^.  This  cannot  be  correlated  with  an 

O  * 

attractive  forces  calculation,  which  was  relatively  successful  for  0H(A  £  ) 
quenching. 

C.  Modeling  and  Rate  Constants  for  CH^/NgO  Flames 

A  general  approach  has  been  developed  for  addressing  the  combined 

temperature  and  pressure  dependence  of  hydrocarbon  decomposition  rate 
28 

constants .  The  procedure  involves  the  calculation  of  nine  parameters ,  which 

can  then  be  easily  incorporated  into  computer  combustion  models  to  obtain  the 

correct  rate  constants  for  a  wide  variety  of  conditions .  This  approach  was 

29 

subsequently  extended  to  bimolecular  reactions  that  proceed  through  a  bound 
intermediate .  The  theoretical  framework  was  applied  to  the  important 
reactions  CH^  +  CH3  -*  C2Hg  +  H,  and  in  particular,  to  H  +  NjO  -*  NH  +  NO  or 
OH  +  N2,  which  may  help  determine  the  ignition  behavior  and  extent  of  NO 
product  in  CH^/^O  combustion  systems. 

More  recently,  the  formulation  of  rate  constants  for  bimolecular 
reactions  proceeding  through  a  bound  intermediate  has  been  more  fully 
addressed,  by  extending  our  previous  RJRKM  and  9-parameter  approach  from  two 
exit  channels  to  a  more  realistic  N- channel  computer  code.  This  has  been 
applied  to  the  reaction  of  H  atoms  with  ^0  noted  above. 

Computer  models  of  both  flames  and  our  laser  pyrolysis-LIF  experiments 
have  been  assembled  and  run.  These  proceed  from  the  Sandia  laboratory  CHEMKIN 
code,  which  has  been  implemented  on  our  local  computer,  and  more  recently,  we 
have  set  up  the  Sandia  flame  code  PREMIX  on  the  same  computer  system.  Our 
approach  thus  far  has  been  to  use  the  model  to  examine  the  chemistry, 
comparing  with  experimental  results  where  available,  but  not  to  attempt 
quantitative  fits  to  flame  (or  laser  pyrolysis  system)  profiles  until  more  of 
the  fundamental  chemistry  is  well  established. 
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Laser  pyrolysis  techniques:  Application  to  catalysis, 
combustion  diagnostics,  and  kinetics 

Gregory  P.  Smith 

‘  Department  of  Chemical  Kinetics,  Molecular  Physics  Laboratory 

SRI  International,  Menlo  Park,  California  94025 


Abstract 

A  pulsed  laser  pyrolysis  method  has  been  developed  to  study  kinetic  processes  at  high 
temperatures.  A  COo  laser  is  used  to  irradiate  a  100  torr  mixture  of  an  infrared  absorber 
(SFg).  bath  gas  (No/,  and  reactants.  Rapid  heating  to  700-1400  K  occurs,  followed  by  two- 
stage  coooling.  Unimolecular  reactions  are  studied  by  competitive  kinetics  with  a  known 
standard,  using  mass-spectrometrlc  or  gas-chromatographic  analysis.  Bimolecular  processes 
are  examined  using  laser-induced  fluorescence  (LIF).  The  technique  offers  great  advantages 
in  reaching  reactive  temperatures  in  a  fast  and  time-resolved  manner,  without  the  complica¬ 
tions  of  hot  surfaces.  It  is  thus  an  ideal  tool  for  analyzing  and  measuring  some  of  the 
basic  processes  occurring  in  more  complicated,  real,  hot  systems.  Our  recent  applications 
of  the  laser  pyrolysis  method  in  the  areas  of  catalysis  and  combustion  are  summarized  here. 
Several  transition  metal-carbonyl  bond  dissociation  energies  have  been  measured,  and  cataly¬ 
sis  by  the  hot  metal  particulate  products  was  observed.  Since  the  use  of  LIF  as  a  flame 
dlagnotic  requires  some  knowledge  of  the  fluorescence  quenching  rates  at  high  temperatures, 
the  laser  pyrolysis  method  was  used  to  measure  these  rates  for  the  important  OH  radical. 
Its  reaction  rate  with  acetylene  was  also  measured,  with  implications  for  flame  modeling  and 
/the  mechanism  of  soot  formation.  Finally,  this  method  can  be  used  to  ignite  low  concentra¬ 
tions  of  fuel  and  oxidant,  and  then  study  the  time-resolved  evolution  of  the  flame  chemistry 
by  LIF  and  chemiluminescence  observations. 

Introduction 

Most  chemical  processes  are  accomplished  by  the  application  of  heat,  whether  they 
involve  synthesis,  catalysis,  materials  processing,  or  combustion.  Applied  externally  or 
Internally,  this  heating  is  gradual  and  continuous,  and  most  often  Involves  contact  of  the 
system  with  hot  surfaces.  The  use  of  a  pulsed  laser  as  a  heat  source  offers  several  advan¬ 
tages:  it  is  localized  and  controlled;  surfaces  may  be  kept  cold  to  avoid  unwanted  cata¬ 

lytic  complications;  rapid  heating  to  a  high  temperature  is  possible,  permitting  the  use  of 

a  high  energy  chemical  pathway  without  losing  the  reactants  to  lower  - - ->v  products  during 

heating;  and  the  timing  of  the  process  is  well  defined  and  conf  ’ser  welding  and 

surgery  are  practical  examples.  We  have  helped  develop  a  new  tecu.iiqu  rapidly  heating 

gas  mixtures  up  to  1500  K  using  a  pulsed  infrared  COo  laser.  Many  t  1  of  this  method 

relating  to  chemical  synthesis  production  of  solids  ana  generation  of  c  'ysts  remain  to  be 
explored.  Assessments  of  practical  applications  are  still  premature.  laser  pyrolysis 

method  has  to  date  proven  to  he  an  excellent  analytical  tool  for  determin.  the  chemistry 
occurring  in  more  complex  systems.  In  addition  to  presenting  the  basic  techn.‘,ue  for  fur¬ 
ther  consideration,  several  experimental  results  will  be  described.  These  directed  basic 
research  efforts  include:  a  study  of  organometallic  bond  energies  and  the  catalytic  activ¬ 
ity  of  the  hot  aerosol  of  metallic  particulates  created  by  laser  pyrolysis;  an  examination 
of  fluorescence  quenching  at  high  temperatures  to  permit  more  quantitative  use  of  laser- 
induced  fluorescence  as  a  remote  analytical  diagnostic  in  varied  environments;  and  the 
determination  of  high  temperature  reaction  pathways  and  ignition  chemistry. 


julsed  laser  pyrolysis  technique 


A  full,  detailed  description  of  the  method,  which  was  first  proposed  by  Shaub  and 
Bauer,  is  published  elsewhere.  This  includes  the  chemical,  physical,  and  computational 
diagnostics  which  have  aided  and  substantiated  our  understanding  of  the  technique.  A  sche¬ 
matic  of  the  apparatus  is  given  in  Figure  1.  A  gas  mixture  at  30-100  torr  containing  SF^, 
bath  gas  M  (usually  nitrogen),  and  small  amounts  of  the  chosen  reactant  molecules  R  flows 
through  a  1-cra  thick  cell  with  KCl  windows.  The  mixture  is  irradiated  by  a  uniform  1-cm 
diameter  portion  of  a  pulsed-C02  laser  beam  at  10.6  ym.  The  SF^  absorbs  the  infrared  radi¬ 
ation,  and  by  energy-transf er  collisions  with  the  bath  gas ,  the  entire  irradiated  volume  of 
gas  is  heated  to  a  true  and  elevated  temperature  in  a  few  microseconds.  The  temperature 
reached  depends  upon  the  Laser  power  and  the  fraction  of  SF^  (2-1  OS  for  our  2  J/cm2  laser 
and  20-1 00S  for  our  1  J/cra2  laser).  A  mirror  reflects  the  laser  beam  back  through  the  same 
volume  to  Insure  even  heating  across  the  thin  cell  despite  30S  total  absorbances.  Temper¬ 
atures  are  currently  limited  to  roughly  1500  K  by  thermal  SF^  decomposition,  but  in  theory, 
more  stable  sensitizers  should  allow  hotter  operation.  Two  nodes  of  detection  are  possible. 
Product  and  reactant  concentrations  can  be  sampled  from  the  flow  beyond  the  cell  by  mass 
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spectrometer  or  gas  chromatograph.  Real 
time  optical  detection  can  be  accom¬ 
plished  through  a  monochromator  with 
photomultiplier  tube,  coupled  to  a  box¬ 
car  Integrator  and  recorder.  This  sys¬ 
tem  can  measure  chemiluminescence,  or  by 
adding  a  dye  laser  can  measure  ground 
state  radical  concentrations  via  laser- 
induced  fluorescence.  A  variable  time 
delay  between  the  CO y  and  dye  lasers 
permits  the  probing  or  radical  concen¬ 
trations  as  a  function  of  time.  By 
scanning  the  laser  through  various 
lines,  rotational  level  populations  of 
the  ground-state  radical,  and  thus  the 
temperature,  can  be  determined.  As 
shown  in  Figure  1,  the  two  lasers  and 
monochomator  are  mutually  perpendicular, 
providing  spatially-resolved  detection. 


Consideration  of  the  gas  dynamics 
involved  is  necessary  to  understand  and 
quantify  the  chemistry  occurring  under 
laser  pyrolysis  conditions.  The  ini¬ 
tially  heated  volume,  now  at  a  higher 
pressure  than  the  surrounding  gas,  will 
expand  against  this  gas  and  slightly 

compress  it.  This  is  accomplished  by  an  Figure  1.  Schematic  of  laser  pyrolysis  apparatus 
expansion  wave  propagating  inward  to  the 

center  and  then  outward  again  at  the  local  speed  of  sound.  Concurrently,  a  compression  wave 
moves  outward.  Once  the  expansion  is  finished,  the  pressure  is  equal  across  the  hot  and 


cool  region  boundary  at  roughly  its  initial  value,  the  hot  region  has  cooled  typically  sev¬ 
eral  hundred  degrees  from  T  to  T'  (T'/300  ~  (T/300) 1  'y )  ,  where  y  is  the  heat  capacity 


ratio),  and  the  heated  volume  has  expanded  considerably  by  ~  T' /300.  This  cooling  takes  ~ 
15  ns  for  our  geometry.  The  above  values  then  stay  relatively  steady  for  longer  time  per¬ 
iods,  since  further  cooling  only  occurs  slowly  by  thermal  conductivity  across  the  interface 
between  heated  and  unheated  regions  (~  IK/ns).  Meanwhile,  the  outward-going  compression 
wave,  followed  by  the  expansion  wave,  produces  negligible  heating.  If  allowed  to  reflect 
off  the  walls  of  a  small  and  symmetrical  cell,  however,  it  can  reheat  the  irradiated  region, 
and  thus  complicate  the  kinetics.  High  activation  energy  unimolecular  decomposition  reac¬ 
tions  will  occur  during  the  hottest,  short,  initial  time-period  before  expansion  cooling. 
Low  activation  energy  bimolecular  reactions  occur  predominantly  during  the  longer  steady 
temperature  period,  which  is  when  they  will  be  studied. 


Transition  metal  carbonyl  pyrolysis,  bond  energies,  and  catalysis 


Catalytic  reactions  are  central  to  many  important  industrial  processes.  Transition 
metals  are  usually  involved,  many  times  CO  is  a  reactant,  and  for  homogeneous  catalysis, 
transition  netal  carbonyl  compounds  are  often  used  or  are  intermediates  in  the  mechanism. 

To  understand  and  improve  these  reactions  and  predict  new  ones,  accurate  values  of  the 
strengths  of  the  bonds  broken  and  formed  are  needed.  While  very  few  organometallic  bond  dis¬ 
sociation  energies  are  available  from  conventional  kinetic  methods  due  to  surface  decompos¬ 
ition  reactions,  laser  pyrolysis  is  ideally  suited  for  their  measurement.  We  have  recently 
measured-*  the  first  bond  dissociation  energy  for  FeiCOj,  Cr(CO)£,  Mo(CO)g,,  and  W(CO)g. 


The  essence  of  the  experiment  is  to  add  two  reactants  that  will  decompose  to  the  gas 
mixcure,  and  sample  their  concentrations  beyond  the  cell  by  mass  spectrometer  with  the  laser 
on  and  off.  From  the  gas  flow  rate,  laser  repetition  rate,  cell  volume,  and  irradiated  vol¬ 
ume,  one  can  calculate  (and  vary)  the  number  of  heating  pulses  a  typical  molecule  receives, 
and  hence  its  single-shot  reaction  rate,  kt.  One  compound  will  be  the  unknown,  a  carbonyl. 
The  other,  our  chemical  thermometer  or  standard  has  known  Arrhenius  parameters  '  k  *  A 
exp(-E/RT)).  We  used  dicyclopentadiene,  which  decomposes  to  the  monomer  by  a  reverse  Diels- 
Alder  reaction.  The  slope  of  a  plot  of  log  (kt)  for  the  unknown  versus  the  standard,  is 
Just  the  ratio  of  activation  energies.  Thus  the  unknown  E,  which  should  be  close  to  the 
bond  energy,  can  be  determined.  The  pre-exponential  A-factor  is  then  calculated  from  the 
relative  rates  and  t  ■  10  nsec. 


The  Arrhenius  parameters  for  Cr(CO)^  c ^compos i t ion  were  measured  relative  to  dicyclo¬ 
pentadiene,  and  those  for  the  other  carbonyls  relative  to  Cr(CO)^,.  An  example  of  the  data 
and  results  for  iron  relative  to  chromium  is  shown  in  Figure  2.  To  determine  whether  the 
measured  parameters,  given  in  Table  1,  correspond  to  scission  of  the  first  metal-ligand 
bond,  excess  CO  or  PF3  was  added.  If  some  later  bond  cleavage  is  rate-determining, 
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Table  1.  Metal  Carbonyl  Bond  Energies  (kcal) 
Compound  Lor  A  ET  RDE  Average 


Cr (C0)6 
Mo(CO)6 
W(CO)6 
Fe(CO)5 


m  *  1.15  l  .03 


Cr  17-45/9 


earlier  dissociations  must  be  in  a  partial  °-10  ~  ♦  / 

equilibrium,  which  will  then  be  affected  by  5  Fe  15.7-39/9  yi 

the  added  concentrations  of  ligands.  This  was  g  7 

observed  only  for  Cr(C0)g,  which  one  might  g 

expect,  given  the  unusually  high  A-factor  mea-  —  7, 

sured.  The  more  complicated  kinetics  of  5  / 

Cr(CO)^  decomposition  can  be  deconvoluted3  to  q.01  -  /  - 

give  a  first  bond  energy  of  35  kcal/mole.  A 

Average  bond  energies  for  all  CO  ligands, 

derived  from  calorimetric  data,  are  also  given  / 

in  Table  1  .  Particularly  for  the  first  tran-  ' 

sition  metal  series,  the  bond  dissociation 

energy  is  larger  than  the  average  value.  Thus  0.00 1  I - 1 - I - 1 - 

such  averaged  values  should  not  be  used  in  0.01  0 .10  10 

estimating  kinetics.  Finally,  if  heats  of  kt  (Fe(C0)5l 

formation  have  been  measured  for  substituted 
carbonyls,  M(CO)nL,  bond  energies  can  be 

derived  for  other  ligands  L.  Pyridine  bonds.  Figure  2  Logarithmic  relative  rate  plot 

for  example,  are  roughly  6  kcal/mole  weaker  for  chromium  and  iron  carbonyl 

than  CO,  and  ethylene  bonds  are  4  kcal 

weaker  than  CO  for  iron.  This  last  value  is  particularly  relevant  since  coordinat ively 
unsaturated  fragments  from  Fe(C0)5  photolysis  catalyze  olefin  isomerization  and  hydrogen¬ 
ation  reactions,  and  because  such  bonds  are  important  in  the  mechanism  of  hydroformylation , 
by  which  commercial  metal  carbonyl  catalysts  transform  alkenes  into  aldehydes  and  alcohols. 


kt  [Fe(CO)s) 


Figure  2  Logarithmic  relative  rate  plot 
for  chromium  and  iron  carbonyl 


Except  for  chromium,  the  carbonyls  rapidly  lose  their  remaining  ligands  fallowing  the 
Initial  rate-determining  bond  scission.  After  laser  pyrolysis  of  Fe(CO)5,  for  example,  we 
could  easily  detect  gas-phase  iron  atoms  by  laser- induced  fluorescence  excitation  of  the 
y5F^°  -  a5D^  transition  at  293  nm.  These  atoms  rapidly  nucleate  to  form  an  aerosol  of  small 
metallic  particles,  which  can  be  detected  by  light-scattering  of  a  He-Ne  laser  beam.  They 
persist  for  ~  1  msec,  and  then  coalesce  to  larger  particles  and  condense  at  the  cell  walls. 
The  resulting  dark  powder  is  ferromagnetic  and  contains  little  carbon  or  oxygen.  While  sus¬ 
pended  and  heated  in  the  gas  phase,  the  iron  system  was  observed  to  catalyze  the  decomposi¬ 
tion  of  tert-butyl  iodide  to  HI  and  isobutene,  and  the  decomposition  of  paraldehyde,  the 
cyclic  trimer  of  acetaldehyde.  Laser  pyrolysis  of  hfr^CCO)^)  shows  similar  behavior,  and 
catalytically  produces  C2Clg  from  CCl^.  These  observations  suggest  a  potential  use  of  laser 
pyrolysis  for  producing  catalytic  particles  of  refractory  metals,  and  in  vapor  deposition 
technology.  Carefully  controlled  mixtures  including  non-metal  additives,  are  possible. 
(Such  methods  are  being  used  now  to  create  uniform  ceramics  by  pyrolysis  of  SiH^,  NH3,  and 
C2H4.)  In  addition,  this  in  situ  generation  of  hot  metallic  particles  with  a  large  surface 
area  provides  an  ideal  method  for  studying  heterogeneous  catalysis  by  convenient  gas-phase 
techniques . 


Quenching  of  laser- induced  fluorescence  at  high  temperatures 


Laser-induced  fluorescence  is  one  of  the  most  sensitive  diagnostic  techniques.^  It  is 
particularly  well  suited  for  the  remote  analysis  of  reactive  radical  intermediates  in  chemi¬ 
cal  networks;  important  examples  include  OH  in  combustion  systems  and  atmospheres,  and  aton¬ 
ic  species  in  plasmas.  To  use  this  technique,  one  tunes  a  laser  to  the  proper  wavelength  to 
electronically  excite  molecules  from  level  c,  and  then  detects  the  fluorescence  F.  The 
amount  of  signal  is  related  to  the  radical  concentration  H  by  F  ■  cA?Ne,  where  A  is  the  Ein¬ 
stein  coefficient  (t-1),  c  contains  all  the  detection  efficiency  factors,  and  9  »  A/ (A  +  Q) 
i s  the  fluorescence  quantum  yield.  Quantitative  analytical  application  of  LIF  requires 
knowledge  of  the  collisional  quenching  rate  Q,  and  thus  of  the  composition  of  the  medium  and 
the  appropriate  quenching  rate  constants.  Values  of  kn  vary  with  temperature  in  a  poorly 
understood  manner,  and  values  at  high  temperature  are  particularly  needed,  and  absent,  for 
application  of  LIF  analytics  to  combustion  processes.  We  have  therefore  used  the  laser 
pyrolysis  technique  to  measure  quenching  rate  constants  for  the  important  OH  radical  at  ~ 
1100  K  for  many  flame  gases,  and  presented  a  theoretical  framework  for  temperature 
exi rapolation  of  quenching  rate  constant  data. 


The  following  variation  of  the  laser  pyrolysis  experiment  was  used.  A  few  millitorr  of 
H2O2  was  added  in  a  bubbler  (0°C)  to  a  flow  of  SF^  (—  40  torr)  and  varying  amounts  of  the 
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quenching  gas.  Heating  by  the  CO2  laser  produced  OH  by  thermal  decomposition  of  H2O2.  At  a 
30  nsec  delay,  after  the  expansion  cooling,  the  dye  laser  was  fired  to  excite  the  OH,  and 
the  resulting  fluorescence  decay  was  photographed  from  the  oscilloscope.  The  temperature 
was  determined  from  OH  rotational  level  populations  by  scanning  the  laser  through  several 
spectral  lines.  The  partial  pressure  of  the  added  quencher  was  deduced  from  mass  flowmeter 
measurements,  the  total  pressure  read  on  a  gauge,  and  a  computer  calculation  of  the  expan¬ 
sion  gas  dynamics.  It  roughly  equals  the  initial  pressure.  The  measured  fluorescence  decay 
rate,  1/r,  is  the  result  of  several  factors:  radiative  decay  (A),  quenching  by  SFg  (slow), 
quenching  by  H2O2  and  H2O  from  the  bubbler,  and  quenching  by  the  added  gas.  Figure  3  is  a 

’  plot  of  t"1  versus  pressure  of  added  COo,  where  the 

contributions  of  radiative  decay  and  SFg  quenching 
have  been  subtracted  from  the  data.  The  intercept 

,00  _  shows  the  background  H2O  quenching  and  the  slope 

gives  the  rate  for  CO2  quenching  of  OH  (A-X)(0,0) 
go  .  fluorescence.  The  temperature  was  1250  K .at  40  torr 

total  pressure,  and  kq(C02)  “  1  .9  x  10-1U  cm-5  s"  . 
#0  _  ,  For  various  gases,  several  such  experiments  were 

/  /  done,  the  results  expressed  as  cross-sections 

ro  /  /  (k  -  0  5),  and  averaged. 

#0  4 /  /  The  results  are  summarized  in  Table  2.  Typical 

//  uncertainties  are  20%.  The  values  are  generally 

*  Q  /  y  smaller  than  those  at  298  K  (by  up  to  50%),  and  thus 

1  /  7  illustrate  the  importance  of  such  high-temperature 

-  _  /  /  measurements,  rather  than  simply  using  the  room-tem- 

//  perature  cross-sections.  With  the  exception  of  SFg 

3o  /  /  and  N2,  these  quenching  cross-sections  are  large. 

/  /  This  suggests  long-range,  attractive  forces  between 

/ /  0H(A)  and  the  quencher  are  responsible  for  the 

10  7  7  mechanism.  We  have  used  a  simple  collision  complex 

/  model  to  predict  o.  The  long-range  interaction  was 

10 y  given  by  a  sum  of  attractive  multipole  interactions 

,  ,  (dipole-dipole,  dipole-quadrupole ,  dipole- induced 

°  0  10  40  g0  dipole,  and  dipersion)  and  a  repulsive  centrifugal 

r  (mr)  barrier.  From  the  position  and  height  of  the  barrier 

cc>1  in  the  total  effective  potential,  a  can  be  calculat¬ 

ed.  The  resulting  ratio  of  experimental  to  theoret¬ 
ical  values  given  in  the  table  generally  vary  from  .3 
Figure  3.  OH(A)  quenching  rate  to  .45.  This  can  be  interpreted  as  the  probability 

versus  COj  pressure  for  quenching  once  a  complex  has  been  formed. 


Figure  3.  OH (A)  quenching  rate 
versus  CO2  pressure 


a/ theory 


Table  2.  OH  Quenching  Cross  Sections  1100  K  (A^) 

T2  CSy  RTS  £5  CH7  R7  NH^  OT' 

377  13  26  20  15  10  39  IT 


5FZ Nj  CO2 

0.T4  077  13 

0.002  0.14  .20 


Finally,  this  theory  predicts  a  decline  (of  ~  40%)  in  quenching  cross-section  when  the 
temperature  increases  from  300  K  to  1100  K.  The  general  agreement  of  experiment  and  theory 
in  trend  and  size  suggests  that  this  theoretical  approach  can  be  used  to  extrapolate 
quenching  cross-sections  to  different  temperatures. 

High- temperature  kinetics 

A  good  deal  of  effort  in  recent  years  has  gone  toward  detailed  modeling  of  combustion 
systems.  Two  of  the  goals  are  to  predict  the  effects  of  various  mixtures  and  additives  on 
combustion  and  pollutant  formation,  and  to  correlate  certain  observables  (e.g.,  NH  L1F)  to 
the  flame  chemistry  so  that  they  may  be  used  knowledgably  to  monitor  the  conditions  of  real 
processes.  Such  modeling  requires  a  detailed  chemical  mechanism  and  values  for  many  high- 
temperature  rate  constants.  Laser  pyrolysis  with  LIF  detection  offers  a  new  method  for  mea¬ 
suring  some  bimolecular  rate  constants  above  1000  K.  We  have  recently  examined  the  reaction 
between  OH  and  acetylene. 

The  apparatus  and  procedure  is  similar  to  the  previous  quenching  experiment.  The  box¬ 
car  integrator,  however,  is  now  used  to  measure  the  amount  of  OH  laser- induced  fluorescence, 
and  hence  determine  the  relative  OH  density  as  a  function  of  delay  time,  At,  between  the  CO2 
and  dye  lasers.  This  was  done  at  various  C2H2  pressures,  and  without  C2H2.  A  logarithmic 
plot  of  the  ratio  of  these  signal  levels  versus  time  gives  as  its  slope  the  OH  ground-state 
decay  rate  due  to  reaction  with  a  certain  pressure  of  C2H2.  This  data  can  then  be  reduced 
to  a  rate  constant  in  the  same  manner  as  was  done  for  the  0H(A)  quenching  just  described. 
An  example  is  illustrated  in  Figure  4  for  OH  *  £-2^2  at  D70  K,  The  measurements  at  various 
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rate  constant  was  measured  between  25  and  100  torr  total  pressure,  indicating  no  third-body 
pressure  dependence  for  this  reaction.  We  have  previously  reported  similar  experiments  for 
the  OH-methane  reaction. 


At  lower  temperatures  where  it  had  previously  been  studied,®  the  OH-acetylene  reaction 
is  known  to  proceed  by  OH  addition  to  an  acetylene  x-bond  to  form  an  adduct.  Collision  with 
a  third  body  is  needed  to  remove  energy  and  stabilize  this  adduct,  and  at  pressures  below 
100  torr  the  reaction  rate  thus  depends  upon  the  total  pressure.  Our  1200  K  raea surenenrf 
show  no  such  pressure  dependence,  and  give  a  lower  rate  constant  than  the  typical  3n0  K 
values.  This  suggests  the  adduct  is  no  longer  stable  at  high  temperatures,  and  that  a  new 
direct  reaction  channel,  endothermic  hydrogen  abstraction,  becomes  dominant.  We  have 
performed  RRKll-type  calculations  on  the  pressure-dependence  data  at  low  temperatures.  The 
results  are  described  elswhere,  but  do  fit  the  data  and  predict  a  lower  addition  rate 
constant  and  rapid  adduct  dissociation  at  1200  K.  The  theory  also  predicts  some  pressure 
dependence  due  to  the  addition  channel  at  900  K,  which  we  have  now  observed  in  laser  pvro- 
ysis  experiments  at  these  lower  temperatures.  The  mechanistic  transition  from  addition  to 
abstraction  for  this  reaction  (and  many  others)  occurs  near  1000  K.  It  is  very  important  to 
Include  the  correct  products  and  rate  constants  in  models  of  combustion  chemistry,  but  high- 
temperature  kinetics  experiments  and  the  sound  application  of  theoretical  understanding  are 
necessary  to  do  this  successfully.  The  acetylene  reaction  is  a  prine  example,  since  the  C2H 
product  is  considered  a  precursor  of  soot  while  the  C2H2OH  adduct  is  not. 


T  ■  t 1 70  K 

k  ■  3  8  x  10'  *3  cm3  Mc- 1 


C2Hj  *  1  0?  torr  - 


CjHj  »  1  85  tort  ^ 


CjMj  -  2  27  torr 


C2H2  •  2  53  torr  - 


20  60  80  100 


Figure  4.  OH  decays  from  reaction 
with  acetylene 


Figure  5.  Chemiluminescence  from  laser 
pyrolysis  of  CI^O  and  N2O 


Pulsed  laser  oxidation  chemiluminescence 


The  rapid  and  temporally  well-defined  heating  of  laser  pyrolysis  can  also  be  used 
study  the  more  complicated  networks  of  reactions  involved  in  flame  chemistry.  We  recent 
used  C02"laser  irradiation  to  heat  to  -  1500  K  a  mixture  of  35  torr  SF^  with  2  torr  N'iO  a 
0.5  torr  deuterated  formaldehyde.  This  flame  is  considered  a  model  for  certain  oropell; 
systems.  At  the  temperatures  attained,  some  fuel  and  oxidizer  decomposition  to  form  H  anc 
atoms  will  occur,  and  a  typical  radical  chain  oxidation  mechanism  will  ensue.  (Sorp  F-atr 
from  SFg  pyrolysis  may  also  participate.)  Ppst-irradiation  mass-spectral  analysis  of  t 
mixture  showed  CD2O  and  N2O  consumption  and  the  production  of  N2 ,  CO  (deduced  from  isotor 
peak  ratios),  and  DoO.  In  addition,  a  bright  blue  glow  appears  in  the  irradiated  region. 
Under  these  particular  conditions,  the  chemiluminescence  rises  within  10  -sec,  peaks  at 
0.5  msec  delay,  and  is  over  in  2  msec.  It  requires  the  presence  of  both  reactants.  Figure 
is  a  spectrum  of  this  light  emission,  made  by  scanning  the  monochromator.  The  character) 
tic  spectra  of  C2_,  intense  CN  and  CD,  and  minor  OD  and  ID  emission  are  identified.  (I 
smaller  iv  -  +  1  features  for  C2  and  CN  are  unlabeled.) 


This  luminescence  suggests  two  approaches  to  assist  in  efforts  to  analyze  fla-es.  Sig¬ 
nificant  concentrations  of  these  radicals  in  their  ground  states  probablv  exist  f'r  proving 
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by  LIF.  By  time-resolved  probing  at  various  reactant  concentrations,  one  can  deduce  por¬ 
tions  of  the  flame  chemistry  and  correlate  this  with  the  LIF  (and  chemiluminescence)  observ¬ 
ables.  Because  of  the  temporally-resolved  nature  of  the  experiment,  it  may  be  a  particu¬ 
larly  suitable  tool  for  studying  ignition  phenomena.  Secondly,  flame  chemiluminescence  may 
yet  prove  to  be  a  useful  diagnostic  itself.  Although  it  is  very  easily  observable,  this 
emission  arises  from  trace  concentrations  of  excited  states,  not  the  ground  state  radicals 
of  chemical  significance.  If  the  kinetics  by  which  emission  arises,  about  which 
little  is  known,  can  be  determined,  it  should  be  possible  to  link  luminescence  observations 
to  the  flame  chemistry.  This  laser  pyrolysis  experiment,  with  its  time  resolution  and 
various  subsets  of  the  flame  chemistry,  should  prove  of  great  help  in  this  effort. 

Conclusions 

As  with  most  new  experimental  techniques,  many  potential  uses  of  laser  pyrolysis  remain 
to  be  explored.  Most  of  our  efforts  to  date,  as  describe  in  this  paper,  have  concentrated 
on  understanding  the  physics  and  chemistry  of  the  process,  and  on  utilizing  it  as  a  tool  for 
analyzing  the  kinetics  of  high-temperature  environments.  Uses  in  developing  analytical 
methods  and  producing  catalytic  materials  are  suggested  by  this  work,  and  other  applications 
will,  perhaps,  be  found  in  the  future.  In  this  regard,  the  main  advantageous  features  of 
laser  pyrolysis  to  consider  are  its  rapid  heating  to  high  temperatures,  the  localized  and 
controlled  nature  of  this  heating,  and  the  time  resolution  achievable  with  the  pulsed  tech¬ 
nique.  In  addition,  it  should  be  mentioned  that  the  original  continuous  laser  pyrolysis 
method,  using  a  CW  C02-laser,  can  also  be  applied  to  many  of  the  same  purposes,  but  at 
lower  temperatures  due  to  the  longer  reaction  time. 
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There  exists  a  well  recognized  need  for  a  critical  overview  of  the  rate  data  that  go  into  combustion  modeling 
Modelers  should  be  able  to  consult  tables  of  parameters  for  combustion-relevant  reactions  that  would  enable 
the  calculation  of  relevant  rate  constants  as  a  function  of  temperature  and  pressure  over  the  entire  range  of 
interest  A  complete  tabulation  would  include  both  uni-  and  bimolecular  reactions,  in  this  paper  we  focus  on  the 
analysis  of  unimolecular  reactions  The  approach  is  illustrated  with  unimolecular  "falloff"  calculations  for 
formaldeh- de.  methane,  ethane,  butare.  hexane,  octane,  and  the  ethyl  radical 


I  INTRODUCTION 

There  is  seeming  agreement  in  the  combustion 
literature  with  the  premise  that  combustion  must 
be  understood  through  the  successful  modeling 
of  this  complex  process  from  elementary  consid¬ 
erations  of  chemistry  and  physics.  The  usual 
definition  of  elementary  for  chemical  purposes 
involves  the  rate  constants  for  individual  chemi¬ 
cal  steps  that  make  up  the  'mechanism''  of  the 
chemical  transformations  affected  by  the  com¬ 
bustion  event.  A  practical  goal  might  be  the 
production  of  a  continually  updated  handbook  of 
reaction  rate  constants  that  modelers  could  use 
as  input  data  (This  goal  has  been  achieved  for 
some  time  now  in  the  modeling  of  chlorfluoro- 
methane  effects  on  stratospheric  chemistry  ) 
The  current  understanding  of  chemical  kinet- 
cis  allows  us  to  break  elementary  reactions  into 
two  major  groups:  unimolecular  and  bimolecu¬ 
lar  reactions.  In  this  paper  we  offer  a  suggestion 
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as  to  the  form  in  which  unimolecular  rate  data 
should  be  presented  to  combustion  modelers. 

The  unimolecular  pyrolysis  reactions  of  hy¬ 
drocarbon  molecules  and  radicals  that  occur  in 
combustion  depend  on  temperature  and  pressure 
in  a  complex  manner  dictated  by  (1)  the  com¬ 
plexity  or  size  of  the  molecule  or  radical.  (2)  the 
threshold  energy  for  reaction,  and  (3)  the  details 
of  the  intermolecular  energy-transfer  processes. 

In  the  simplest  model  of  unimolecular  reac¬ 
tions.  the  Lindemann-Hinshelwood  reaction 
scheme,  energization  by  collisions  is  followed 
by  reaction  of  energized  species.  A*: 

A  +  M^A*  +  M, 

A  *-»  products. 

Solution  of  the  differential  rate  equations  in 
the  steady-state  approximation  produces  a  par¬ 
ticularly  simple  expression  relating  the  reduced 
unimolecular  rate  constant,  k,.  to  the  reduced 
pressure,  P, 

k,  =  P,:(  I  +  Pr)  (1) 

Here,  k ,  is  the  ratio  of  the  unimolecular  rate 
constant  at  pressure  .V/  to  its  value  as  M  -»  <»  •.  k, 

0010-2180  84  so 3  OO 
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=  k/km.  Also,  P,  =  (k0/ kJ)[M\,  where  k0[M] 
is  the  value  of  the  unimolecular  rate  constant  as 
M  -  0. 

Since  the  Lindemann-Hinshelwood  model  ne¬ 
glects  the  pressure  dependence  of  the  relative 
populations  of  the  manifold  of  energy  eigen¬ 
states  of  A*,  as  well  as  the  differential  depletion 
of  these  populations  by  reaction  of  A*,  it 
predicts  that  k,  will  “fall  off  from  its  high- 
pressure  limiting  value  more  slowly  than  is 
observed.  The  quantum  statistical  RRKM  theory 
corrects  this  deficiency. 

Troe  [1]  has  developed  an  approach  for 
modeling  the  pressure  and  temperature  depen¬ 
dence  of  unimolecular  reactions  of  ethane  and 
smaller  molecules  based  on  use  of  a  “cor¬ 
rected”  Lindemann-Hinshelwood  model.  In  the 
Troe  approach,  the  corrected  reduced  umimole- 
cular  rate  constant  is  defined  by 


tion  needed  for  an  RRKM  calculation.  Since  we  , 

have  facilities  for  easily  performing  such  calcu-  ' 

lations,  we  have  taken  the  effort  to  produce  F  as 
a  three-parameter  function  of  temperature.  It  is 
not  our  hope  or  suggestion  that  modelers  per¬ 
form  their  own  RRKM  calculations,  rather  we  1 

offer  the  beginning  of  the  handbook  for  reaction 
rate  constants  mentioned  earlier. 

In  this  paper  we  have  applied  the  Troe 
approach  to  the  study  of  the  temperature  and  \ 

pressure  dependence  of  unimolecular  reaction 
by  fission  of  the  central  carbon-carbon  bond  in 
ethane,  butane,  hexane,  and  octane  and  of  the  i 

carbon-hydrogen  bond  in  methane  and  formal¬ 
dehyde.  We  also  compare  ethyl  radical  decom¬ 
position  (to  ethylene  and  hydrogen  atoms),  \ 

which  has  a  threshold  energy  less  than  half  that 
of  the  other  examples. 


P, 


Thus,  Troe  calculated  values  of  k,,  k0,  and  km 
using  an  RRKM  model,  and  developed  simple 
formulas  for  expressing  the  "broadening  fac¬ 
tor,”  F,  as  a  function  of  temperature  and 
pressure.  The  value  of  the  Troe  approach  lies  in 
its  retention  of  the  simplicity  of  the  Lindemann- 
Hinshelwood  form  and  the  ease  with  which  it 
may  be  used  to  model  unimolecular  reactions  of 
molecules  important  in  combustion. 

We  shall  show  later  that  the  Troe  form  allows 
the  representation  of  rate  constants  to  better  than 
25%  accuracy.  We  can  always  look  at  a  detailed 
RRKM  calculation  of  a  particular  rate  constant 
if  a  sensitivity  analysis  shows  us  that  higher  than 
25%  accuracy  is  required.  Concomitantly,  we 
might  have  suggested  a  Lindemann  format  or  a 
format  such  as  in  Eq.  (2)  with  F  equal  to  some 
universal  constant.  (The  latter  is  sufficient  for 
stratospheric  modeling.)  Perhaps  this  last  re¬ 
course  would  have  limited  us  to  -60%  accu¬ 
racy;  it  is  easy  to  argue  that  60%  may  be 
sufficient.  We  point  out  that  in  order  to  establish 
Ar,  and  k0 ,  we  have  essentially  all  the  informa- 


II  METHOD  OF  CALCULATION 

For  the  calculation  of  the  reduced  unimolecular 
rate  constant  as  a  function  of  temperature  and 
pressure,  we  have  used  the  RRKM  quantum 
statistical  model.  Molecular  vibrational  eigen¬ 
state  densities  were  calculated  with  use  of  the 
Whitten-Rabinovitch  [2]  approximation,  and 
anharmonic  corrections  were  made  according  to 
the  procedure  developed  by  Haarhof  [3).  Vibra¬ 
tional  eigenstate  sums  for  the  activated  complex 
were  calculated  with  use  of  an  exact  count 
routine.  Overall  rotational  degrees  of  freedom 
were  treated  as  adiabatic. 

Frequency  assignments  for  alkanes  were 
based  on  the  generalized  normal-mode  study  of 
Cj  to  Ct:  saturated  hydrocarbons  of  Schachtsch- 
neider  and  Snyder  [4J  as  adapted  for  use  in 
RRKM  calculations  by  Chua  and  Larson  [5], 

Frequency  assignments  for  activated  com¬ 
plexes  were  made  so  as  to  fit  the  high-pressure 
limit  A-factors:  log  A.  =  17.0  at  1500K  for  C- 
C  bond  rupture  and  log  A„  =  15.5  at  1500K  for 
C-H  bond  rupture  [6].  One  950  cnr 1  C-C 
stretch  frequency  was  deleted  from  the  alkane 
assignment  (reaction  coordinate)  and  five  fre¬ 
quencies  in  the  alkane  (four  bending  modes  and 
one  torsion  which  are  associated  with  the  break¬ 
ing  C-C  bond  and  which  become  overall  rota- 
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tions  and  relative  translations  in  the  products) 
were  lowered,  until  the  correct  valve  for  Am  was 
obtained.  Figure  1  shows  how  the  calculated  k „ 
for  ethane  compares  with  determinations  re¬ 
ported  in  the  literature  [7-12].  (We  discuss  later 
the  effect  of  using  a  fixed  vibrational  model  for 
the  transition  state  instead  of  one  which  tightens 
with  increasing  energy.) 

Collision  frequencies  were  calculated  based 
on  a  Lennard -Jones  model;  collision  diameters 
of  5-6  A  and  a  value  for  t/k  of  173K  were  used 
for  the  Nf-alkane  mixtures. 

Threshold  energies  for  central  C-C  bond 
rupture  of  butane,  hexane,  and  octane  were 
fixed  at  80.0  kcal  mol' 1  and  for  ethane  at  87.7 
kcal  mol'1;  105  kcal  mol'1  and  90  kcal  mol'1 
were  used  for  methane  and  formaldehyde,  re¬ 
spectively,  and  40  kcal  mol' 1  was  used  for  the 
ethyl  radical. 

Ill  RESULTS 

Arrhenius  plots  of  the  RRKM  calculated  high- 
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Fig  1  Comparison  of  calculated  and  measured  high 
pressure  rate  constants  for  ethane  pyrolysis 
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Fig.  2.  Calculated  Arrhenius  behaviour  of  high-  and  low- 
pressure  rate  constants  Dotted  lines  apply  to  ethyl  radical 

and  low-pressure  rate  constants  k„  and  k0  are 
shown  in  Fig.  2.  The  characteristic  curvature  in 
the  low-pressure  plots  is  especially  pronounced 
for  the  larger  molecules;  the  low-pressure  rate 
constant  for  octane  is  nearly  temperature  inde¬ 
pendent  at  high  temperature  In  contrast,  the 
high-pressure  Arrhenius  plots  are  only  slightly 
curved  upward;  thus,  high-pressure  activation 
energies  between  1000  and  2500K  increase  by 
only  about  1  kcal  mol1.  The  curvature  in  the 
high-pressure  Arrhenius  plot  is  the  maximum 
possible  due  to  the  use  of  a  fixed  vibrational 
model  for  the  transition  state  in  these  calcula¬ 
tions. 

Figure  3  shows  a  comparison  between  the 
Lindemann-Hinshelwood  falloff  curve  and 
those  calculated  with  the  RRKM  model  for 
octane  and  butane  at  1000K  The  broadening 
factor  at  the  center  of  the  fall  of  curve.  FK.  is 
defined  at  P,  =  1  as  the  ratio  of  the  k,  calculated 
by  RRKM  to  k,  calculated  with  the  Lindemann 
model. 

Figure  4  illustrates  the  pressure  dependence 
of  the  falloff  broadening  parameter  of  octane  at 
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log  P, 

Fig.  3.  Comparison  of  Lindemann  falloff  with  RRKM 
falloff  for  butane  and  octane  at  1000K. 


1550  and  2500K.  The  asymmetric  “Gaussian- 
like”  shape  is  typical  of  all  molecules,  and  the 
minimum  value  of  F  is  found  only  slightly  to  the 
low-pressure  side  of  the  “  falloff’  center:  Fc  ■ 
^minimum*  Also,  the  pressure  range  over  which  the 
deviations  from  Lindemann  falloff  behavior  are 
significant  spans  several  orders  of  magnitude. 

Figure  5  shows  the  temperature  dependence 
of  the  central  broadening  parameter,  FC(T),  for 
the  five  alkanes,  formaldehyde,  and  the  ethyl 
radical.  The  figure  shows,  and  the  Troe  ap¬ 
proach  predicts,  that  the  central  broadening 
factor  approaches  unity  at  the  zero  and  infinite 
temperature  limits.  Also,  FC(T )  for  the  larger 
molecules  passes  through  a  minimum  near 
1000K;  the  minimum  deepens  and  moves  to 
lower  temperatures  as  the  molecular  size  in¬ 
creases. 

IV  DISCUSSION 

The  temperature  dependences  of  high-  and  low 


1000  2000  3000 
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Fig.  3.  Temperature  dependence  of  central  broadening 
factor.  The  dotted  line  applies  to  ethyl  radical. 

pressure-limiting  rate  constants  Xr0( 7")  and 
km(T),  illustrated  in  Fig.  2,  and  the  tempera¬ 
ture/pressure  dependences  of  the  Troe  broaden¬ 
ing  factor  F(T,  M),  illustrated  in  Fig.  4, 
provide  all  the  information  required  to  write 
parameterized  analytical  functions  that  make  it 
possible  to  calculate  with  ease  the  strong  colli¬ 
sion  unimolecualr  rate  constant,  k(T,  P). 

High-  and  Low-Pressure  Limits 

The  limiting  rate  constants  are  easily  written  in 
the  customary  way  as  3-parameter  functions  of 
temperature: 

ko(T)  =  A  T”  exp (-B/T)  (3) 


log  P. 


and 

Mn  =  CF"  exp(-Z>/r).  (4) 

Figure  2  shows  that  Cand  D  are  often  very  close 
to  the  high-pressure  Arrhenius  A -factor  and 
activation  energy,  respectively,  and  that  m  *  0. 

The  curvature  in  the  Arrhenius  plot  for  k0, 
which  is  more  pronounced  for  larger  molecules, 
is  representable  to  within  1  %  by  the  nonlinear, 
3-parameter  expression.  Table  1  summarizes  the 
results  of  parameter  evaluation  from  least 
squares  fits  of  these  expressions  to  the  k0  and  it, 
calculated  from  RRKM  theory.  The  nonlinear 


Fig  4  Broadening  factor  as  a  function  of  reduced  pressure 
and  comparison  with  Troe  approximation 


regression  algorithm  given  by  Bevington  [13] 
was  used  in  this  evaluation. 
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*  *o(r)  is  in  cm1  molecule-1  s-’,  and  *.(/ )  in  s-1;  1000-3000K. 

Broadening  as  a  Function  of  Pressure 

Troe  presents  three  forms  as  successive  levels  of 
approximation  to  express  the  pressure  depen¬ 
dence  of  F  in  terms  of  Fc: 

1.  symmetric  broadening  about  Pr  =  1.0: 

log  F,  =  [l  + flog />r)2]-'  log  fc;  (5) 

2.  including  width  broadening: 

* 

<r 

a: 

3.  including  width  plus  asymmetric  broaden-  g 

ing:  | 

for  P,  >  1 : 

log  Pr- 0.1 2  \ 2 “1  - j 


0.85-0.67  log  rc 
xlog  Fc ;  (7) 


. .  K 

Vw''  2000  K 

*3000  K 


Htxane 


— * - : — 3000 - 

2000  ... 


for  Pr  <  1 : 


L  Vo.65-1. 


log  Pr- 0.12  y  I  -i 
55-1.87  log  Fj  J 


A  1000 
^i-3000 


xlog  Fc.  (8)  -6  -4  -2  0  2  4  6 

log  P, 

Figure  6  shows  how  the  broadening  factor  Fig .  6.  Comparison  of  calculated  and  approximate  fall  off 

from  Troe’s  highest  level  approximation,  broadening 

/■j(Troe),  compares  with  the  RRKM  calculated 
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broadening,  F(RRKM),  in  which  Fc  is  taken 
from  this  RRKM  calculation.  The  figure  shows 
that  the  Troe  expression  predicts  Ft M)  to  within 
30%  over  the  pressure  and  temperature  ranges 
studied.  The  simpler  expressions  [Eq.  (6)  or  (7)] 
are  less  satisfactory,  and,  since  they  are  not 
significantly  easier  to  use,  they  are  not  recom¬ 
mended. 

Center  Broadening  as  a  Function  of  Temper¬ 
ature 

Troe  has  suggested  a  4-parameter  expression  to 
describe  the  temperature  dependence  of  Fc  as 
follows: 

FC(T)  =  exp(  -  T**/T)  +  exp(  -  T/T ***) 

+  a(exp(-  77 r*) - exp( -  T/T***)).  (9) 

We  have  evaluated  the  performance  of  a  similar 
3-parameter,  2-term  expression, 

Fc(T)  =  a  exp(-ft/r)  +  exp(- T/c),  (10) 

and  find  that  a,  b ,  c  values  listed  in  Table  2 
reproduce  the  RRKM  calculated  FC(T)  shown  in 
Fig.  5  to  within  better  than  15%.  Thus,  the  6 
parameters  of  Eqs.  (3)  and  (4)  (A,  n,  B,  C,  m, 
D)  contain  the  information  required  to  construct 
Lindemann  falloff  curves,  and  the  3  parameters 
of  Eq.  (10)  contain  the  information  required  to 
correct  the  Lindemann  falloff  to  the  more 
realistic  falloff  predicted  by  the  RRKM  model. 

Effect  of  Transition  State  Model  on 
Broadening 

The  RRKM  model  that  has  been  described  so  far 
is  one  in  which  the  transition  state  has  been 
treated  as  a  normal  molecule  with  fixed  vibra¬ 
tional  frequencies.  However,  it  is  well  known 
that  this  kind  of  treatment  generally  overpre¬ 
dicts  the  curvature  in  Arrhenius  plots  of  high- 
pressure  limiting  rate  constants  for  dissociation 
reactions,  and  also  that  it  is  unable  to  predict 
correctly  the  temperature  dependence  of  rate 
constants  for  recombination  reactions.  Other 
models,  which  allow  the  structure  of  the  transi¬ 
tion  state  to  tighten  as  its  internal  energy 


TABLE  2 

Values  of  Parameters  for  Representation  of  FAT),  1000- 
3000 K. 


Molecule 

a 

•a  £ 

c 

(K) 

Formaldehyde 

0.507 

629.2 

939.4 

Methane 

0.366 

564.2 

885.1 

Ethane 

0.233 

585.6 

431  8 

Butane 

1.896 

5222.3 

335.8 

Hexane 

2.016 

4525.8 

209.4 

Octane 

2.226 

4247.9 

158.9 

Ethyl 

0.411 

73.4 

422  8 

increases,  such  as  the  statistical  adiabatic  chan¬ 
nel  model  (SACM)  [14]  or  minimum  density  of 
states  RRKM  models  [15,  16],  have  been  more 
successful  in  this  regard.  Since  these  treatments 
essentially  involve  adjusting  the  energy  depen¬ 
dence  of  the  microscopic  rate  constant  for 
decomposition,  k(E),  their  use  would  be  ex¬ 
pected  to  affect  predictions  concerning  broaden¬ 
ing  parameters.  Table  3  gives  the  strong  colli¬ 
sion-broadening  parameters  for  CH„ 
decompostion  as  a  function  of  temperature  for 
the  fixed  vibrational  model  and  also  for  a 
minimum  density  of  states  model.  Since  k(E)  is 
a  less  steep  function  of  E  for  a  minimum  density 
of  states  mode!  (i.e.,  more  Lindemann-like).  the 
broadening  parameters  are  closer  to  unity  at 
each  temperature  than  for  a  fixed  vibrational 
model  for  this  kind  of  transition  state  treatment. 
The  fixed  vibrational  model  thus  indicates  the 
maximum  broadening  that  might  be  expected. 


TABLE  3 

Broadening  Parameters  for  CH4  Decomposition 


T 

F, 

(fixed  model!” 

F, 

(minimum  density  model!'' 

500 

0.694 

0.753 

1000 

0.518 

0.640 

1500 

0.438 

0.579 

2000 

0.384 

0.506 

2500 

0.350 

0.493 

3000 

0.334 

0  488 

•  This  work 

"  According  to  Ref  1 16] 


BOND  FISSION  REACTIONS 


235 


Weak  Collisions!  Energy  Transfer 

In  the  preceding  sections,  we  have  calculated 
low-pressure  rate  constants,  k0'c,  and  center¬ 
broadening  parameters,  FCK,  based  on  a  strong 
collision  approximation.  It  is  customary  to 
characterize  a  weak  collider  in  terms  of  its 
collision  efficiency,  0,  defined  by  0  =  k0wc/ 
ko*.  where  k0K  is  the  low-pressure  rate  constant 
for  the  weak  collider. 

Weak  collision  processes  affect  unimolecular 
falloff  in  two  distinct  ways.  First,  the  reduced 
pressure  appropriate  to  weak  collider  falloff, 
J°rwc,  is  simply  scaled  according  to  0: 

P,'K  =  ko'«[\f\lk~  =  0Pr*. 

Second,  the  center-broadening  factor  for  a  weak 
collider,  Fc"c,  is  smaller  than  FCK,  so  that  weak 
collider  falloff  occurs  over  a  larger  pressure 
range.  However,  the  empirical  approximation, 
Fcwc  ~  0°  l*FcK,  found  by  Troe  to  apply  to  a 
variety  of  molecules  and  weak  collision  models, 
shows  that  computed  falloff  behavior  in  weak 
collider  systems  is  much  more  sensitive  to  the 
absolute  value  of  0  that  is  used  as  a  scaling 
factor  in  pcwc  than  to  the  additional  broadening 
brought  about  by  weak  collisions. 

The  temperature  dependence  of  0  is  still 
subject  to  some  controversy  [17]  and  represents 
the  largest  uncertainty  in  the  prediction  of 
falloff  behavior.  Using  an  exponential  model  for 
energy  transfer,  Troe  [18]  has  suggested  the 
following  approximate  relationship. 

0-(-  °  rY. 

where  a  is  the  average  energy  transferred  per 
collision  in  “down  transitions"  and  F£  is  the 
energy  dependence  of  the  density  of  states,  a 
quantity  that  increases  with  temperature  and  the 
size  of  the  molecule,  a  is  generally  taken  to  be 
temperature  independent  or  only  weakly  depen¬ 
dent  on  temperature.  This  equation  predicts  a 
steady  decline  in  0  with  increasing  temperature, 
but  it  is  only  valid  for  FE  <  3;  at  high 
temperature,  F£  rapidly  increases  beyond  this 
limit,  especially  for  large  molecules.  Under 


such  conditions,  a  more  exact  treatment  indi¬ 
cates  that  0  will  begin  to  increase  with  tempera¬ 
ture  again  after  a  certain  point.  The  more 
complex  the  molecule,  the  earlier  the  decrease 
of  0  will  cease,  since  F£  will  become  a  strongly 
increasing  function  of  temperature. 

These  most  recent  calculations  [18]  fora  large 
molecule  and  weak  colliders,  whose  a  values 
vary  between  -  1  and  -6  kcal  mol' *,  show  that 
minima  in  0  occur  near  1200K  that  are  about 
half  the  values  at  900  and  2100K.  In  contrast, 
the  range  in  the  absolute  values  of  the  calculated 
minima  span  one  order  of  magnitude,  viz.,  0  = 
0.2  to  0  =  0.02  as  a  =  6  to  a  =  1  kcal  mol ' 1 . 
Thus,  we  infer  that  the  uncertainties  in  an 
educated  guess  of  the  absolute  value  of  0  are 
greater  than  the  variation  in  0  over  a  large 
temperature  range  (900-2 100K).  For  combus¬ 
tion  calculations,  the  state  of  the  an  at  this  point 
suggests  that  0  might  best  be  treated  as  an 
adjustable  parameter  whose  value  and  tempera¬ 
ture  dependence  may  be  constrained  by  reason¬ 
able  estimates  to  within  a  factor  of  two. 

Applications  to  Combustion  Modeling 

In  order  to  evaluate  the  conditions  where  unim- 
olecuiar  falloff  has  its  greatest  impact  on  com¬ 
bustion  phenomena,  we  compute  the  relation¬ 
ship  between  an  actual  weak  collider  pressure  at 
the  falloff  center,  Pc'c,  and  temperature.  Fig¬ 
ure  7  shows  this  relationship  for  each  of  the 
molecules  studied.  For  this  illustration,  we  have 
used  0  =  0.1,  independent  of  temperature,  to 
simulate  a  nitrogen  bath  gas.  Thus.  /\wc  = 
(km/0)kov:  defines  the  pressure  axis. 

We  have  defined  a  “combustion  window"  by 
the  pressure  range  (0.01-10  atm)  and  the  tem¬ 
perature  range  (500-3000K).  which  are  relevant 
to  most  combustion  processes.  Thus,  a  molecule 
whose  Pc  versus  T  curve  passes  through  the 
combustion  window  exhibits  its  maximum  devi¬ 
ation  from  Lindemann  behavior  within  this 
important  pressure  and  temperature  range.  At 
pressures  two  to  three  orders  of  magnitude 
above  or  below  their  Pc  versus  T  curve,  the 
molecules  are  in  their  high-  or  low-pressure 
limits. 


27 


236 


C.  WILLIAM  LARSON  ET  AL 


Fig.  7.  The  combustion  window  and  relation  between 
temperature  and  pressure  at  the  center  of  the  falloff.  Dotted 
line  emphasizes  ethyl  radical. 


Larger  molecules  enter  the  window  at  higher 
temperatures,  where  their  Fc  values  are  larger. 
Thus,  values  of  Fc  within  the  ‘‘combustion 
window”  are  greater  than  -0.1  for  all  mole¬ 
cules  of  the  current  study.  For  molecules  larger 
than  butane,  falloff  needs  to  be  considered  at 
temperatures  greater  than  about  1700K.  Below 
1500K,  the  rate  constants  for  dissociation  of  the 
larger  molecules  are  in  their  high-pressure  limit. 

At  atmospheric  pressure,  methane  pyrolysis  is 
second  order  at  temperatures  greater  than 
-600K,  but  for  ethane,  maximum  broadening 
occurs  at  about  1500K,  and  falloff  consider¬ 
ations  are  important  at  all  combustion  tempera¬ 
tures.  For  formaldehyde  at  I500K,  a  weak 
collider  pressure  of  -  1000-10.000  atm  would 
be  required  to  bring  its  decomposition  to  the 
center  of  the  falloff,  at  atmospheric  pressure, 
formaldehyde  pyrolysis  is  in  its  second  order 
limit  at  all  temperatures. 

At  atmospheric  pressures,  ethyl  radical  de¬ 
composition,  whose  threshold  energy  (  -  40  kcal 
mol ' ')  is  less  than  half  that  of  ethane,  is  second 
order  at  temperatures  greater  than  -  1000K 
Smaller  radicals,  with  similar  or  lower  thresh¬ 
olds  to  reaction,  would  also  be  second  order 
above  1000K.  Thus,  under  these  conditions, 
falloff  considerations  for  this  large  and  impor¬ 
tant  group  of  combustion  intermediates  have 
little  or  no  impact. 


Competitive  Multiple  Reaction  Channels 

Ethane  and  the  higher  alkanes  contain  multiple 
dissociation  channels  for  C-C  and  C-H  bond 
rupture  which  have  not  been  considered  in  the 
present  calculations.  Generally,  C-H  rupture  is 
10-20  kcal  mol*1  more  endothermic  than  C-C 
rupture.  Under  conditions  where  C-H  and  C-C 
rupture  are  both  in  the  high-pressure  limit.  C-H 
rupture  (per  C-H  bond)  may  amount  to  as  much 
as  0.5%  of  C-C  rupture  (per  bond)  at  1000K.  At 
3000K,  the  C-H  rate  approaches  20%  of  the  C- 
C  rate  on  a  per-bond  basis. 

In  the  falloff  and  low-pressure  limits.  C-H 
rupture  would  tend  to  be  less  competitive  with 
C-C  rupture.  However,  it  is  important  to  note 
that  at  pressures  lower  than  the  high-pressure 
limit,  different  dissociative  channels  cannot  be 
treated  as  if  they  were  independent  of  one 
another. 


SUMMARY 

The  initiation  of  combustion  is  governed  by  the 
reaction  that  produces  an  H-atom.  i.e.,  the 
unimolecular  decomposition  of  the  fuel.  These 
calculations  indicate  that  ethane  pyrolysis  (C:H„ 
—  CH3  +  CH3)  is  near  its  maximum  pressure 
sensitivity  at  combustion  tempertures.  A  simple 
format  is  presented  to  include  the  pressure  and 
temperature  dependence  of  these  important  re¬ 
actions  in  terms  of  9  parameters  and  the  colli¬ 
sion  efficiency,  0: 

*<i.u  =  fr-(l  +P,~')~'F, 

P,  =  km/(0koxM),  F- F(P,.  F(u,  b ,  c», 

km  =  CTm  exp  (-D/T), 

k0=  AT"  exp (-B/T). 

The  Lindemann  model  generates  the  maxi¬ 
mum  sensitivity  of  to  pressure  and  requires 
6  parameters  and  0.  Application  of  the  RRKM 
correction  causes  falloff  to  occur  over  a  broader 
pressure  range  and  thus  desensitizes  Ad„,  to 
pressure.  If  weak  collider-broadening  correc- 
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tions  are  also  applied  (by  Troe's  0° 14  factor), 
fcdi»*  >s  even  less  sensitive  to  pressure. 

Finally,  the  falloff  behavior  of  the  reverse 
combination  reaction  may  be  coded  with  3 
additional  parameters  (s,  I,  H)  to  specify  the 
equilibrium  constant,  Keq  =  ST'e~H/T.  These 
parameters  are  related  to  the  quantities  AS,  A Cp, 
and  A H  for  the  reaction  which  are  often  known 
or  may  be  estimated  from  group  additivity  [6], 
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Spin-orbit  splittings  and  rotational  constants  for  vibrationally 
excited  levels  of  NCOjA’2!!,) 
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Laser-induced  fluorescence  excitation  spectra  at  0.3-cm  1  resolution  have  been  obtained  tor  the  A  2. '  -  X  I 1  system  of 
NCO  present  in  an  atmospheric  pressure  CH4-N_>0  flame.  This  combination  of  selectively  detected  laser  fluorescence  and  a 
flame  environment  has  permitted  the  high-resolution  investigation  of  levels  inaccessible  in  conventional  room  temperature 
experiments.  Spin-orbit  splittings,  and  rotational  and  vibrational  constants  have  been  determined  for  eight  vibrational  levels 
having  K  =  v:  +  I,  and  for  the  010  ’i  and  the  020  !il  levels,  primarily  by  fits  to  band-head  positions  using  previously 
determined  A  2I '  constants.  The  results  are  in  good  agreement  with  theoretical  predictions  of  Renner-Teller  interactions. 
Fermi  resonance  with  an  interaction  strength  of  10  cm  1  describes  variations  in  spin-orbit  splittings  and  rotational  constants 
for  four  levels  with  v,  =  I  quite  well. 


Des  spectres  d'excitation  de  fluorescence  induitc  par  laser  ont  etc  obtenus  avec  une  resolution  de  0.3  cm  1  pour  Ic  systemc 
A2S*  -  XTl,  de  NCO  present  dans  une  flamme  de  CH4  -N;0  a  pression  atmospherique.  Cette  combinaison  de  la  fluorescence 
laser  avec  detection  selective  et  de  I'environnement  d'unc  flamme  a  permis  ['investigation  a  haute  resolution  de  mveaux 
inaccessibles  dans  des  experiences  conventioncllcs  effectuees  a  temperature  ambiantc.  Les  subdivisions  spin-orbitc.  et  les 
constantes  rotationnellcs  et  vibrationnclles  ont  etc  determinees  pour  huit  niveaux  de  vibration  avec  K  =  v_.  +  I.  et  pour  les 
niveaux  0I02£  et  020  2PI.  ccttc  determination  a  ete  faite  principalcmcnt  par  ajustement  sur  les  positions  des  totes  de  bande  en 
utilisant  les  constantes  relatives  a  A:i*  obtenues  antcricurcmcnt.  Les  resultats  sont  en  bon  accord  avec  les  predictions 
theoriques  concemant  les  interactions  Renner-Teller.  La  resonance  de  Fermi  avec  une  force  d'interaction  de  10  cm  1  decrit 
bien  les  variations  des  subdivisions  spin-orbite  et  dcs  constantes  rotationnellcs  pour  quatre  niveaux  avec  v,  =  I 
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1.  Introduction 

Nonzero  electronic  orbital  angular  momentum  in  a 
normally  linear  triatomic  molecule  strongly  affects  the 
vibrational  level  pattern,  producing  a  phenomenon  gen¬ 
erally  known  as  the  Renner-Teller  effect.  Predicted 
theoretically  ( I )  approximately  25  years  before  the  first 
experimental  observation,  it  received  further  theoretical 
attention,  notably  in  the  work  of  Pople  (2)  and  Hougen 
(3);  extensions  of  the  theory  and  a  comprehensive  dis¬ 
cussion  have  appeared  in  a  series  of  recent  papers  by 
Jungen  and  Merer  (4.  5).  The  first  linear  molecule  for 
which  observation  of  the  Renner-Teller  effect  was  re¬ 
ported  (6)  was  X:I1,  NCO.  the  subject  of  this  paper. 
Other  n  species  exhibiting  the  Renner-Teller  effect  in 
experimentally  observed  spectra  include  NCS.  N,. 
CCN.  CNC.  C>.  and  BO;,  citations  for  which  may  be 
found  in  ref.  4  save  for  some  more  recent  studies  on 
BO;  (7) 

The  electronic  spectroscopy  of  NCO  itself  has  been 
extensively  studied.  The  classic  work  by  Dixon  <b) 
consisted  of  absorption  measurements  in  a  flash  photo¬ 
lysis  system,  it  has  been  repeated  and  extended  in  a 
more  recent  experiment  by  Bolman  et  at.  (8).  In  each 
case  very  high  resolution  was  achieved,  although  the 
low  temperature  of  the  system  restricted  the  number  of 
accessible  ground  state  vibrational  and  rotational 
levels  More  recently .  laser-induced  fluorescence  (LIF) 
studies  have  been  performed  The  first  of  these  (9| 


consisted  of  measurements  of  the  A  2:  -  X  II  emis¬ 

sion  spectrum  following  laser  excitation  of  NCO  in  an 
Ar  matrix.  The  precision,  estimated  at  ±2  cm  '.  fur¬ 
nished  vibrational  spacing  information  in  the  matrix 
environment  that  agreed  with  conventional  infrared  ab¬ 
sorption  matrix  studies  (10).  In  a  room  temperature 
discharge  flow  system,  measurements  iB  J  Sullivan. 
D.  R.  Crosley.  and  G.  P.  Smith,  manuscript  in  prepara¬ 
tion)  of  the  LIF  emission  spectrum  (±5  cm  ')  were 
made  for  excitation  of  both  the  A  -  X  and  B  1 1  -  X  II 
systems,  yielding  similar  information  for  the  gas  phase 
(Other  LIF  experiments  in  a  flow  system  (II)  have 
concentrated  on  lifetime  measurements  and  spec¬ 
troscopic  data  were  not  reported)  Finally,  it  has  been 
found  that  one  of  the  fixed-frequency  lines  of  an  Ar 
laser  overlaps  the  (3;(3I )  line  of  the  (KM)  —  l(K)  band  ol 
the  A  -  X  system  1 12)  of  NCO  in  a  flame  Rotationally 
resolved  (±1  8cm  1 )  fluorescence  spectra  of  the  emis¬ 
sion  lines  from  the  pumped  F;(3li  level  to  the  (KM). 
100.  and  00 1  levels  ol  X  II  have  been  used  to  obtain 
spectral  constants  for  these  states  1 13 1 

We  describe  here  a  study  of  the  spectroscopy  of 
several  higher-lying  levels  of  the  ground  X  II  stale  of 
NCO.  using  wavelength-selective  detection  of  fluo¬ 
rescence  excited  by  a  tunable  laser  in  NCO  present  in  an 
atmospheric  pressure  flame  The  laser  band1'  idth  of 
0.3  cm  '  determines  our  spectral  resolution  i  he  high 
temperature  of  the  flame  produces  significant  popu- 
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lations  in  excited  vibrational  levels.  The  dual  selectivity 
of  L1F,  through  tuning  both  the  laser  and  the  wave¬ 
length  of  the  detected  fluorescence,  permits  a  discrimi¬ 
nation  among  overlapped  bands  not  possible  in  con¬ 
ventional  absorption  spectroscopy.  (Although  con¬ 
ventional  emission  spectra  of  NCO  have  not  been 
reported  at  a  resolution  comparable  to  the  studies  cited, 
it  would  likely  be  too  congested  to  be  useful). 

Using  some  rotational  analyses  but  primarily  fits  of 
band-head  positions  with  previously  measured  (6.  8) 
constants  for  the  A:S*  state,  we  have  obtained  spin- 
orbit  splittings,  and  vibrational  and  rotational  constants 
for  several  excited  vibrational  levels  not  previously 
studied.  Values  of  ac  and  variations  in  A  for  each  type 
of  vibration,  and  cross  anharmonicities  are  measured. 
Differences  in  both  spin-orbit  splitting  and  the  values  of 
B  for  the  separate  spin-orbit  components  are  explained 
in  terms  of  Fermi-resonance  interactions.  Other 
values  are  compared  with  expectations  based  on  the 
Renner-Teller  theory. 

Part  of  the  initial  motivation  for  our  study  was  the 
establishment  of  the  L1F  signatures  of  NCO  (and  NH;) 
in  flames  so  as  to  permit  their  measurement  in  com¬ 
bustion  research;  those  aspects  have  been  separately 
reported  (14).  The  LIF  spectroscopy  of  atoms  and 
diatomics  in  flames  has  undergone  rapid  recent  devel¬ 
opment  as  a  tool  for  the  understanding  of  flame  chem¬ 
istry  (15)  In  the  present  study,  the  flames  serve  as  a 
tool  for  obtaining  new  spectral  information.  They  were 
the  initial  source  for  know  ledge  on  the  existence  of  and 
spectral  data  for  many  free  radicals,  especially 
diatomics  (16).  but  have  recently  not  been  utilized 
much  for  spectroscopic  purposes.  The  rapid  collisional 
rates  in  an  atmospheric  pressure  flame  affect  the  emis¬ 
sion  patterns  of  the  laser-excited  molecules  and  greatly 
reduce  the  overall  quantum  yield  of  fluorescence  com¬ 
pared  with  that  in  a  low-pressure  system  (17).  This  does 
not.  however,  cause  complications  for  purely  spec¬ 
troscopic  studies  with  LIF  so  long  as  some  emission  can 
be  found.  This  combination,  the  resolution  and  select¬ 
ivity  of  LIF  with  the  abundant  number  of  vibrationally 
excited  transient  species  in  atmospheric  pressure 
flames,  offers  much  promise  for  expanding  our  spec¬ 
troscopic  understanding  of  small  free  radicals. 

2.  Vibrational  energy  levels  in  a  Jn  triatomic 

Here  we  briefly  define  the  parameters  needed  to  de¬ 
scribe  the  vibrational  energy  level  pattern  when  the 
Renner-Teller  effect  is  present,  as  manifested  for  the 
bending  vibration  ( v; )  of  a  ’ll.  triatomic  tending  toward 
Hund's  case  (a)  behavior.  This  is  the  situation  appropri¬ 
ate  to  NCO  More  general  and  comprehensive  dis¬ 
cussions  can  be  found  elsewhere  (1-5) 

Needed  for  the  description  arc  the  Renner  parameter 
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Fig.  I.  Energy  levels  of  NCO  (.VTl,)  observed  in  this 
study  (solid  lines)  plus  others  involved  in  Fermi  resonance 
(dashed  lines).  The  levels  are  organized  horizontally  accord¬ 
ing  to  the  value  of  v;.  Term  symbols  for  each  set  are  given 
below;  the  spin  splitting  of  the  k  and  n  sets  is  not  dis 
tinguished  in  the  figure. 


€.  the  spin-orbit  constant  A.  and  the  harmonic  bending 
frequency  u>:.  e  is  a  measure  of  the  splitting  between  the 
two  Bom-Oppenheimer  potential  curves  that  touch  at 
the  linear  configuration  to  form  the  Tl  state.  A  repre¬ 
sents  the  coupling  between  spin  and  orbital  angular 
momentum.  The  effective  value  of  the  spin-orbit  split¬ 
ting  in  a  given  level  depends  on  the  value  of  v;  and  K 
K.  the  total  angular  momentum  along  the  internuclear 
axis  is  the  sum  of  the  projections  of  the  orbital  i  A  i  and 
vibrational  (/)  angular  momenta.  Useful  also  is  the 
angle  [3,  which  represents  the  relative  degree  of 
Renner-Teller  and  spin-orbit  splittings: 

[I]  tan  20  =  tu>;[(  v;  +  I );  -  Af:]'  :/A 

(3  is  needed  for  the  expression  of  a  given  level  i  v-A>  in 
terms  of  the  basis  sets  |.\.  v:.  I)  and  I A  -  2.  v;.  I  +  2  >; 
for  the  pertinent  states  in  NCO.  (3  is  in  the  ranee 
60  -  80°. 

The  rotational  levels  within  each  vibrational  level  are 
described  with  rotational  and  centrifugal  distortion  con¬ 
stants  B  and  D.  a  spin-rotation  interaction  constant  y. 
and.  where  appropriate  (A'  >  0).  doubling  constants  p 
and  q. 

There  is  finally  a  small  but  significant  contribution 
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(5.  18)  caused  by  the  mixing  of  the  fl  electronic  state 
with  upper  1  and  A  states.  This  leads  to  an  additional 
energy  term  g*|A'|  to  be  added  to  all  levels.  For  NCO 
( A'-n, ).  £*  has  been  found  (8)  to  be  3.64  cm"1,  falling 
within  the  range  3-5  cm'1  indicated  for  several  tri- 
atomic  nonhydrides  1 18).  We  will  adopt  this  previously 
determined  value  in  our  analyses,  as  it  is  indistinguish¬ 
able  from  anharmonicity  effects  in  our  range  of  data. 

Expressions  for  the  vibrational  term  values  may  be 
found  in  ref.  4.  and  those  for  the  rotational  energies  in 
refs.  3  and  8.  The  vibrational  pattern  is  illustrated  in 
Fig.  I .  When  K  =  v;  +  l .  which  includes  the  single 
pair  of  fl  levels  for  v:  =  0.  there  exists  a  pair  of 
spin-orbit  states  spearated  by 

[2]  Ad,  =  41-  +  I) 

In  NCO.  the  states  are  inverted  so  that  the  one  with 
fl  =  K  +  I  lies  lower.  For  K  >  0,  there  are  four  states 
forming  two  pairs  of  spin  doublets.  The  pairs  are  sepa¬ 
rated  by  2r  where 

[3]  r  =  q;{4:  +  v;  +  l):  -  Af-’]}1-' 

and  each  doublet  exhibits  a  small,  effective,  spin-orbit 
splitting  €:u>:4AfS/4r,  reflecting  the  quenching  of  A 
by  /.  The  upper  component  (denoted  by  k)  is  regular 
while  the  lower  component  ( p. )  is  inverted.  For  K  =  0, 
one  finds  a  pair  of  states  (also  denoted  k  and  p.)  sepa¬ 
rated  by  2r;  the  upper  is  labeled  and  the  lower  is 
labeled  ’ . 

Fermi-resonance  interactions  can  also  occur  between 
levels  (  v,.  v:.  v, )  and  (  v,  —  I,  v:  +  2.  v, ).  Hougen  (19) 
has  treated  the  case  of  Fermi  interactions  in  H  electronic 
states.  The  interactions  occur  only  between  states  of  the 
same  K  value,  and  there  are  two  different  possible  ma¬ 
trix  elements  involved.  The  first,  denoted  by  W,.  con¬ 
nects  states  having  the  same  value  of  A  and  /.  while  the 
second.  W,.  connects  A  and  /  with  A  i  2,  /  +  2.  In 
most  of  the  cases  investigated  (6.  7).  W,  is  found  to  be 
in  the  order  of  tens  of  cm  1  while  W':  is  close  to  zero 
Now  each  spin-orbit  component  is  an  admixture  of  A  = 

I .  /  and  A  =  -  I .  /  +  2  as  described  by  the  angle  P  (see 
[I]).  and  the  overall  Fermi  interaction  for  a  given  pair 
of  states  must  include  this.  Thus,  for  example,  the  II,  _• 
component  of  ( 1 . 0.  0)  will  interact  more  strongly  with 
the  p ’ Fl 1 2  state  (0.  2.  0)  than  with  the  kII,;  state, 
while  the  :  T1 .  state  of  (I.  0.  0)  interacts  more  with 
k ’ TI ,  -  than  with  p  ll,  -  (see  Fig  I!  The  appropriate 
strengths  W  can  be  calculated  using  p  and  Hougens 
equations  (19)  given  a  value  for  W, 

The  rotational  constants  are  also  affected  by  the 
Fermi  rronancc  (20)  The  resulting  B  values  are  given 
in  terms  of  those  for  the  unperturbed  states  and  the 


mixing  coefficient  £  between  the  states. 

.  -  B,  =  f-B'l  +  VI  -  £:  fl; 

1 4  J  , _ 

fl;  =  VI  -  f-B1;  +  £  "fl; 

Because  the  a,.  values  for  the  stretch  and  bend  are  op¬ 
posite  in  sign,  this  can  be  consequential. 

A  complete  calculation  of  the  interaction  of  each  :II 
component  of  the  100  level  with  both  the  corresponding 
k  and  p.  components  involves  a  3  x  3  matrix.  Even  so. 
the  values  of  the  energy  separations  and  the  W,'s  perti¬ 
nent  to  NCO  make  sufficient  a  sum  of  2  x  2  treatments 
involving  each  level  separately,  which  more  trans¬ 
parently  shows  the  effects  discussed  in  the  following. 

3.  Experimental 

3.1  Method 

The  experimental  method  was  quite  straightforward 
and  will  be  outlined  here;  further  details,  especially 
those  pertinent  to  LIF  flame  diagnostics  measurements, 
may  be  found  in  ref.  14.  Rich  flames  of  CH4  and  N;0 
at  atmospheric  pressure  were  stabilized  on  a  slot  burner 
patterned  after  a  type  designed  explicitly  for  laser 
probing  (21).  An  excimer  laser  pumped  a  dye  laser, 
operated  with  various  dyes  over  the  range  420- 
500  nm.  The  laser  bandwidth,  as  determined  by  scans 
over  isolated  lines  in  the  CN  molecule  where  the 
Doppler  contribution  did  not  complicate  matters,  was 
0.3  cm"1.  The  beam  was  directed  into  the  flame  zone 
where  the  NCO  concentration  was  highest.  We  did  not 
directly  measure  the  temperature  in  our  flame,  but  it  is 
expected  (13)  to  be  ~2400  K  in  this  region.  The 
Doppler  width  for  NCO  at  this  temperature  is  0.12 
cm"1,  so  the  laser  line  width  limits  the  resolution. 

The  fluorescence  at  right  angles  to  the  beam  was 
focussed  onto  the  slit  of  a  0.35-m  monochromator 
having  a  resolution  of  22  A/mm.  The  slit  was  oriented 
parallel  to  the  laser  beam,  but  we  often  used  an  aperture 
to  limit  the  effective  height  to  the  center  5  mm.  It  was 
operated  at  a  2-mm  width  although  the  laser  beam  im¬ 
age  was  slightly  smaller  than  this  so  that  the  resolution 
was  —3  nm.  The  fluorescence  was  detected  with  a 
photomultiplier  whose  output  was  amplified,  processed 
with  a  gated  integrator,  and  recorded  on  a  strip  chan  as 
the  laser  was  scanned  (A  few  scans  were  also  taken 
using  a  photomultiplier  and  an  interference  filter  having 
a  peak  transmission  at  440  nm  and  a  bandwidth  of 
8  nm  ) 

The  spectrometer  was  set  at  4400  or  437.5  nm  to 
view  emission  in  the  IKK)  — *  (KK)  hand,  or  at  435  0  nm 
to  view  emission  in  the  010  — *  010  band  In  addition  to 
the  selective  detection  of  certain  excitation  hands,  as 
described  later,  this  served  to  filter  out  strong  fluo¬ 
rescence  excitations  of  the  CH,  CN.  and  C  radicals, 
which  were  present  in  the  wavelength  regions  covered 


assignments  and  wavelengths  arc  Irom  calculations  usini!  the  constants  determine! 
I -2  tor  all  branches 
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Fig  3.  (Lower  panel)  A  portion  of  excitation  scans 
showing  the  P,  and  (?,  heads  of  the  000-100  band.  The 
monochromator  is  tuned  to  440  nm  so  that  only  this  band  is 
observed.  (Upper  panel)  Excitation  scan  of  the  same  region 
but  with  the  monochromator  set  at  435  nm  to  detect  emission 
from  010  of  the  A  'E*  stale.  Here  the  000-  100  band  is  sup¬ 
pressed  and  the  P,  and  P-  heads  of  010-  1 10  k  :1 '  and  the 
"Pi:  head  of  010-  1 10  '  A, ;  appear  This  illustrates  the  ability 
to  distinguish  among  congested  spectra  using  selectively  de¬ 
tected  LIF  (The  band  head  marked  X.  prominent  in  the  lower 
scan,  is  thus  far  unassigned  ) 


However,  the  presence  of  these  diatomics  proved 
very  useful  for  calibration  of  the  laser  wavelength  For 
these  purposes,  we  tuned  the  spectrometer  to  431  or 
388  nm  to  detect  the  A  v  =  0  bands  of  A  A  -  Xf]  CH 
or  fl  S'  -  XS'  CN  respectively.  The  0-1  band  of 
CH  (22)  was  used  for  calibration  in  these  studies  Fur¬ 
ther  cone  xirat  ion  was  obtained  by  comparison  of  mea¬ 
sured  line  positions  in  the  000-000  and  010-010 
bands  with  the  tables  of  Dixon  (6)  and  Bolman  et  at. 
(8)  We  estimate  an  overall  absolute  accuracy  of 
±0  5  cm  1  for  our  measurements,  while  relative  line 
positions  in  a  given  band  (more  pertinent  to  most  of  our 
results)  are  accurate  to  within  the  laser  bandwidth. 
<0.2*^  of  the  scan  ranges  used 

3  2  Results 

The  overall  spectral  region  covered  includes  the 
000  -  000  band,  the  000  -  010  band  allowed  by  S-N 
mixing  (23).  and  numerous  other  hot  bands  The  spec¬ 


trum  to  the  shorter  wavelength  side  of  the  000-000 
band  at  438  -  404  nm  is  very  congested  (see  ref  14  for 
a  survey  scan),  and  our  concentration  here  has  been 
primarily  on  hot  bands  to  the  red  side,  where  the  upper 
A  :S'  vibrational  level  involved  in  the  absorption  is  000 
or  010. 

A  scan  of  a  small  portion  of  the  000  -  001  region  is 
shown  in  Fig.  2.  This  exhibits  the  full  rolational  resolu¬ 
tion  capability  of  the  laser;  it  is  from  scans  of  this 
resolution  that  the  data  were  taken  for  quantitative 
analysis. 

For  the  scan  in  Fig.  2.  the  spectrometer  was  set  at 
440.0  nm  to  detect  fluorescence  originating  from  the 
000  level  populated  by  the  000-001  absorption.  When 
the  spectrometer  setting  is  changed,  other  bands  appear 
in  the  same  excitation  region.  An  example  is  shown  in 
Fig.  3.  The  lower  panel  is  a  part  of  the  spectrum  of  the 
000-100  band  (like  that  shown  in  Fig.  2  for  the 
000  -  001  region)  and  was  detected  at  440  nm.  For  the 
scan  in  the  upper  panel,  the  spectrometer  was  set  at 
435  nm  (recall  that  bandpass  is  3  nm).  where  the 
010  level  of  the  A:S  ’  state  emits  in  the  010-010  band. 
Lines  from  the  000-  100  band  are  now  greatly  sup¬ 
pressed  (although  not  entirely  eliminated),  while  fea¬ 
tures  belonging  to  the  010-  1 10  band,  as  marked  in  the 
figure,  stand  out. 

Figure  4  shows  two  bands  of  different  types.  In  the 
top  panel  is  exhibited  the  000  :S '  -  010  p:S‘  band, 
and  the  lower  trace  shows  the  010  Tl  -  020  p.Tl 
transition.  This  selective  detection  of  L1F  using  a  spec¬ 
trometer  has  been  essential  in  picking  out  bands  associ¬ 
ated  with  excited  bending  levels  of  the  ground  state. 
Clearly,  a  conventional  absorption  spectrum  or  even 
broad-band-detected  LIF  would  be  too  congested  to 
permit  identification  of  any  but  the  most  intense 
features. 

For  this  approach  to  be  successful,  it  is  importani  that 
the  bulk  of  the  emission  come  from  the  pumped  level 
itself.  That  is.  the  010-110  band  would  be  more 
noticeable  in  the  lower  scan  in  Fig.  3  if  vibrational 
transfer  in  A:1'  from  the  010  to  the  000  level  had 
occurred  to  a  significant  degree.  Because  the  two. 4  2; 
levels  in  question  are  separated  by  only  680  cm'1,  com¬ 
pared  with  kT  —  1600  cm  1  in  this  region,  upward 
vibrational  transfer  wiih  a  rate  related  lo  the  downward 
one  by  detailed  balancing  (as  observed  in  OH  in  flames 
(24))  could  cause  000-  100  contamination  in  the  upper 
scan  of  Fig.  4.  In  the  flame  at  atmospheric  pressure, 
collision  processes  fully  control  the  fate  of  the  upper 
state  level  populations  (17)  The  fact  that  (he  two  scans 
in  Fig  4  are  different  (hen  means  that  the  collisional 
quenching  rate  is  rapid  compared  with  vibrational 
energy  transfer  between  the  010  and  C  0  levels  of 
A ’S'  This  condition  is  necessary  for  selective  de¬ 
tection  of  the  LIF  to  be  successful.  Il  is  generally  true 


shorter  wavelengths  ,n  ihe  lieure  The  monochromator  was  set  to  440  and  4  VS  nm  for  the  top  and  bottom 
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Table  I.  A:A*  rotational  constants  Fixed  in  fits  (cm  'i 


Bolman  et  al. 

(8  )•' 

Dixon 

(6) 

000  Level 

B 

0.402163 

0  4021 1 

I0*£> 

0.190 

0.177 

10'y 

0.52 

sl.5 

010  Level 

B 

0.402725 

0  402677 

1 0*D 

0.161  <0  188)* 

— 

io'y 

0.73  (0.36)* 

— 

10' 

-0.651 

0.661 

"Used  in  fit 

“Alternative  values  from  other  bands 
Sign  not  determined 


in  the  few  cases  of  diatomic  radicals  that  have  been 
studied  ( 17).  and  for  NH:  ( 14).  A  direct  study  of  col- 
lisional  phenomena  for  NCO  in  flames  forms  part  of  our 
future  plans. 


4.  Data  analysis 

4.1  Method 

Most  of  the  quantitative  data  were  in  the  form  of 
accurately  determined  band-head  positions,  whose 
spacings  were  suitable  for  determining  vibronic  term 
energies,  rotational  constants,  and  (where  applicable) 
spin-orbit  splitting  constants.  This  was  done  using  the 
appropriate  equations  for  the  vibrational  and  rotational 
term  values  of  X:H,. 

The  upper  states  were  always  the  000  level  of  A  ' 
for  excitation  from  v,0v,  of  A'  II,.  or  the  010  level  for 
excitation  from  v,  I  v,.  The  spectral  constants  for  these 
electronically  excited  levels  were  held  fixed  throughout 
the  analysis.  The  A  1 '  energy  expressions  used  are 
given  in  ref.  8.  The  upper  state  bending  vibration  term 
value  has  been  reported  as  680.83  and  680.77  cm  '  in 
refs.  6  and  8.  respectively:  we  used  the  latter  value. 
Values  of  the  electronic  energy  are  22  754.07  and 
22  753.98  cm  1  from  refs.  8  and  6  respectively.  eo>:  in 
the  expression  for  r  was  taken  as  -76.9  cm  '.  as  deter¬ 
mined  in  ref.  8  for  the  0v:0  sequence.  It  was  fixed  at 
this  value  throughout  irrespective  of  possible  variation 
of  e  with  v'i  or  w  The  remainder  of  the  constants  were 
taken  from  ref.  8:  these  are  listed  in  Table  I  together 
with  those  reported  in  ref.  6  for  comparison. 

Trial  fits  to  the  full  set  of  rotational  lines  in  our 
000  -  000  and  000-001  band  data  showed  that  we 
could  not  obtain  improved  values  of  D  for  the  A':fl, 
state,  or  independently  determined  values  of  the 
\-doubling  parameters  p  and  q.  These  too  were  fixed  in 
our  band-head  position  fits  at  the  values  determined  by 


I 


Bolman  ei  al.  (8)  for  the  000  level:  D  =  1.93  * 
10“7  cm1,  p  =  2.70  x  10  1  cm  '.  and  q  =  6  2  * 
10"'  cm"1.  Although  the  values  reported  ir.  ref  6  are 
~25 9c  smaller,  this  difference  has  negligible  effect  on 
our  fits.  The  value  of  y  =  -1.5  x  10  1  cm" 1  in  the 
B  —  \  y  replacement  term  was  taken  from  a  microwave 
measurement  (25):  again  the  precise  value  does  not 
affect  our  results. 

For  the  000-  v,0  v,  bands  having  ;II  symmetry  in  the 
ground  state,  there  are  four  prominent  heads  (see 
Fig.  2):  °/>l;.  P:.  Pu  and  Q,.  These  form  our  set  of  data, 
which  are  then  fitted  to  the  three  constants  £;.  A.  and 
B.  In  spite  of  the  fact  that  three  constants  are  fitted  to 
four  data,  the  results  are  precise  because  of  the  lack  of 
correlation  between  the  fitted  values.  The  "Pi:  -  P:  and 
P\~Q\  splittings  are  sensitive  to  the  value  of  B.  while 
the  P,—P:  separation  yields  A  Determination  of  the 
band  origin  (£, )  includes  some  contribution  from  both 
B  and  A.  but  comes  primarily  from  the  overall  wave¬ 
length. 

For  transitions  involving  'A  levels  of  010-  v  ,  1 i 
transitions,  the  same  four  band  heads  are  present  and 
they  are  fitted  in  the  same  way.  We  found  it  more 
difficult  to  precisely  pick  out  the  "£,;  head  and  the 
results  have  larger  uncertainty  (see  Fig.  3l. 

For  bands  involving  components  of  the  A'll 
states  in  010-v,lv,  bands,  there  are  only  two  well- 
defined  heads  (£,  and  P: )  for  each  of  the  p'l  and 
k;£~  components  (see  Fig.  3).  The  (XX)  A  -  Oil) 

and  010  ’ll  -  020  Tl  bands  exhibited  in  Fig  4 

are  forbidden  in  a  first  approximation  because  AA  = 
A  A.  A  small  amount  of  mixing  of  the  A 'A  and  A  I! 
states  (23)  furnishes  the  finite  intensities  Each  ot  these 
bands  has  only  P-  and  /^-branches:  in  the  II -II  case, 
there  is  a  pair  of  each  type  due  to  A'  doubling  in  the 

upper  and  lower  states.  In  all  of  these  cases,  the  A  and 

B  values  were  calculated  using  theoretical  consid¬ 
erations.  and  were  used  to  determine  vibrational  term 
values  £,  K. 

For  the  000  -  200  band,  only  the  II,  heads  i  P  and 
P:)  could  be  identified  with  certainty  A  B  value  could 
be  determined,  but  independent  spin-orbit  splitting  or 
term  values  could  not  be  obtained 


4.2  Errors 

Uncertainties  in  the  fitted  constants  were  estimated 
by  forcing  small  variations  in  the  fitted  values  and  re¬ 
calculating  the  band-head  positions  Refitting  alter 
fixing  one  of  the  constants  at  a  wrong  value  confirmed 
the  small  correlation  among  A.  B.  and  £, .  For  the  best- 
determined  bands,  n  levels  of  v , 0 v , .  we  recurrently 
obtained  sharp  minima  in  values  with  o  much 
smaller  than  the  laser  line  width  From  the  results  ot 
these  trials,  we  conservatively  estimate  for  the  II  levels 
that  the  B  values  carrv  an  uncertaintv  ot  (I  (KKP  cm 
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Table  2.  Vibrational  term  values  (cm  1 1 


Reference 

Bondybey  and 

Milligan  and 

Sullivan  el  a 1" 

Sullivan  el  al." 

Wong  el  al  (13) 

This  work 

English  (9) 

Jacox  ( 10) 

matrix 

matrix 

gas-phase  fluorescence  spectra 

gas-phase 

Method 

fluorescence 

infrared 

fluorescence 

excitation 

spectra 

spectra 

experiment 

calculated 

spectra 

spectra 

Error 

±2 

± 1 

±10 

±8 

— 

±0  5 

531 

_ 

_ 

_ 

__ 

533  7 

1272 

1275 

1270 

1276 

I270±2  7 

1270  4 

110 

1823 

— 

— 

— 

— 

1821  5 

1923 

1922 

1912 

1914 

1921  06±0  89 

1921  8 

2438 

— 

— 

— 

— 

2441  5 

3167 

— 

3157 

3162 

— 

3168.0 

III 

3706 

— 

— 

— 

— 

3704  1 

B  J  Sullivan.  D  R.  Croslcv.  and  G  P  Smith,  manuscript  in  preparation 
"Also  533  6  cm  '  from  absorption  spectra  (refs  6  and  8 1 
Also  1921  0  from  laser  magnetic  ersonance.  ref  27 


Table  3  Spin-orbit  coupling  constant.  A  (cm  't 


Level 

Dixon  (6) 

Bolman  ei  al. 

(8) 

Wong  ei  al 
(13) 

This  work 
( ±0  4) 

0.  0.  o  -’ll 

-95.59±0  02 

-95. 585  ±  0  003 

-95.35±0  44 

-95.59 

0.  1.  0  :A 

-94  I4±0.02" 

-94. 191  ±0.005 

— 

-94  02 

1. 0.  0  ’ll 

— 

— 

-90  I7±0.40 

-89  81 

1 .  1 . 0  ’A 

— 

— 

— 

-81  16 

0.  0.  1  ’ll 

— 

— 

-97  16-0  13 

-97.07 

0.  1.  1  A 

— 

— 

— 

-95.20 

i .  o.  i  -n 

— 

— 

— 

-92.13 

1.  1.  1  ’A 

— 

— 

— 

-85  35 

"Refilled  by  Bolman  n  al  (8) 


and  the  A  values  an  uncertainty  of  0.3  cm  '1.  From  the 
aforementioned  fits.  £,  is  determined  to  ±0.2  cm  ', 
but  the  additional  error  due  to  absolute  wavelength  cal¬ 
ibration  raises  the  overall  uncertainty  to  between 
0.5  and  0.8  cm  '.  depending  on  the  band  For  the  A 
levels,  similar  uncertainties  are  estimated. 

The  X:n,  constants  are.  of  course,  strongly  cor¬ 
related  with  the  values  chosen  for  A:i'.  which  have 
been  fixed.  There  is.  therefore,  the  possibility  of  further 
error  in  the  absolute  values,  particularly  for  B  How¬ 
ever.  because  common  000  or  010  upper  states  are 
involved  in  all  the  bands,  the  significance  of  differences 
in  B  among  levels  of  X’Fl,  is  best  gauged  by  the  fit 
uncertainty  estimates 

For  each  band,  a  full  set  of  rotational  lines  was  calcu¬ 
lated  using  the  constants  fitted  from  band-head  posi¬ 
tions,  and  this  was  used  for  assignment  purposes  For 
the  000-  000  and  000  -  001  bands,  quantitative  com¬ 
parison  between  our  measured  and  calculated  positions 
was  made  There  is  some  deviation  for  J  values  of 


60  -  70  (this  may  indicate  a  need  to  revise  the  D.  p.  or 
q  values,  but  we  have  not  explored  this  aspect  i  Com¬ 
parison  of  the  000  -  000  lines  published  by  Bolman  ei 
al.  (8)  with  our  calculations  was  also  performed  Good 
agreement  was  obtained  with  deviations  less  than 
the  laser  line  width  These  tests  gave  us  additional 
confidence  in  the  values  calculated  from  band-head 
positions 

4.3  Results  for  levels  unit  K  =  v  -  I 

The  fitted  results  for  £, .  A.  and  B  for  the  v,()v ,  and 
v,  I  v,  levels  are  presented  in  Tables  2-5  lor  bands  with 
K  =  v;  +  I  Results  for  other  bands  are  collected  in 
Table  6  Where  comparisons  exist,  we  have  also  listed 
values  obtained  by  other  investigators  In  all  such  cases 
satisfactory  agreement  is  seen,  except  for  the  matrix 
L1F  value  (9)  for  £,(200)  This  may  be  an  erroneous 
assignment,  our  assignment  and  measurement  of  Fig 
I  b  of  ref  9  suggests  2510  cm  '  as  the  result 
A  comment  is  warranted  concerning  the  B  values  lor 
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Table  4.  Rotational  constant.  B  (cm  ') 


Level 

Dixon  (6) 

Bolman  et  al. 
(8) 

Wong  et  al. 
(13) 

This  work 
(±0.0002) 

o.o.o  2n 

0.38940±0. 00004 

0.3895161" 

0.39I3±0.0030 

0.38936 

0.1.0  2  A 

0.39046  ±0.00002 

0.3905470 

— 

0.39058 

i.o.o  !n 

— 

— 

0.3892±0.0027 

0.38856" 

1.1.0  2 A 

— 

— 

— 

0.38990" 

o.o.i  2n 

— 

— 

0.3865±0.0009 

0.38613 

0.1.1  2A 

— 

— 

— 

0.38732 

i.o.i  2n 

— 

— 

— 

0.38547" 

1.1.1  2A 

— 

— 

— 

0.38747" 

'From  the  microwave  data  of  Amano  and  Hirota  (27). 

‘Average.  single-B.  filled  value,  see  Table  5  and  lexl  for  spin-component  dependent  B  Y 


Table  $.  Spin-state  specific  rotational  constants  (cm  ') 


Vi.  v, 

2n  <v. 

=  0) 

2A  (v. 

=  1) 

1/2 

3/2 

3/2 

5/2 

0.0 

0  38937 

0.38932 

0.39065 

0.39046 

1.0 

0.38837 

0.38907 

0.38973 

0.39047 

0.1 

0  38613 

0  38616 

0  38736 

0.38732 

t.l 

0.38524 

0  38603 

0.38733 

0.38782 

in  Table  5  are  not  much  larger  than  twice  the  esti¬ 
mated  uncertainty  of  0.0002  in  each  B-value  deter¬ 
mination.  That  is.  A B  is  better  determined  than  twice 
the  error  of  the  individual  B  s. 


000.  In  their  rotational  analysis.  Bolman  etal.  (8)  actu¬ 
ally  fixed  the  value  at  that  determined  by  microwave 
data  (25).  0.389516  cm"1.  They  then  used  this  to  deter¬ 
mine  a  B  value  for  the  000  level  of  A:£‘.  We  in  tum 
fixed  B(Al1  ’ .  000)  at  the  Bolman  et  al.  (8)  value,  but 
recovered  a  slightly  different  B  (000)  in  X:n.  0.38936 


cm  .  While  the  difference  is  less  than  our  quoted  error 


in  B.  we  obtain  a  noticeably  poorer  fit  if  we  force  B  to 
be  0.38952.  Our  result,  in  fact,  agrees  well  with 
Dixon  s  (6).  although  we  have  fixed  D'  and  D"  at  the 
values  given  in  ref.  8  whereas  in  ref.  6  they  are  both 
noticeably  smaller,  which  may  make  this  agreement 
fortuitous.  We  do  not  understand  this  discrepancy  with 
the  microwave  data,  even  though  it  is  minor. 

The  levels  with  K  =  v:  +  I  have  been  fitted  allowing 
separate  values  for  different  spin  components  (Note 
this  is  not  the  same  as  the  value  obtained  (3)  by 

expansion  of  the  square  root,  as  is  often  done  )  The 
results,  given  in  Table  5.  show  the  same  B  value  except 
when  v,  =  I .  A  plot  of  B  (lower)  —  B  (upper)  is 
exhibited  in  Fig.  5.  The  lines  drawn  both  have  a  slope 
of  unity  The  lower  line  has  an  intercept  at  the  origin, 
and  the  upper  line  has  an  intercept  reflecting  the  differ¬ 
ence  of  7  x  10  4  cm  '.  These  differences.  A B  =  B 
(upper  spin  component)  -  B  (lower  spin  component), 
will  be  examined  later  in  terms  of  Fermi  interactions. 
Attempts  to  fit  data  using  a  single  B  value  for  both 
components  in  these  levels  resulted  in  a  significantly 
poorer  result,  even  though  the  differences  expressed 


4.4  Results  for  other  bands 

Several  bands  involving  the  £  levels  belonging  to 
vibrational  levels  with  v:  =  I  were  identified.  These 
were  analyzed  only  to  determine  the  corresponding 
band  origins,  by  assuming  that  the  appropriate  A  and  B 
values  may  be  taken  from  the  -’A  levels  with  the  same 
value  of  v:.  This  procedure  is  subject  to  some  uncer¬ 
tainty.  in  view  of  Bolman  et  o/.'s  (8)  finding  that  their 
fitted  B's  for  the  and  k’£"  levels  differed  by  7  x 
!0"4  cm"1,  while  that  for  the  :A  (010)  level  from  the 
microwave  data  (25)  was  in  between.  Also.  A^_  may  be 
calculated  from  A„(000)  or  A^(OIO):  the  values 
obtained  differ  by  0.4  cm"1.  Nonetheless,  we  pro¬ 
ceeded,  using  the  appropriate  equations  to  determine 
the  band  origins.  The  estimated  errors  due  to  the  as¬ 
sumptions  on  A  and  B  are  incorporated  into  the  quoted 
uncertainties.  This  analysis  was  applied  to  the  k  and  p. 


r  -V 


Neither  the  p/i  ‘  level  of  1 10  nor  the  S  levels  for  1 1 1 
were  identified  with  certainty. 

In  each  case,  the  P\~P:  spacings  for  each  A  sub¬ 
band  agreed  well  with  calculated  values,  but  the 
spacing  between  the  p.:i'  and  k:A  bands  differed 
from  experiment  by  0.9  cm"1  for  010  and  2.4  cm"1  in 
the  case  of  01 1.  This  suggests  r  is  not  calculated  cor¬ 
rectly  and  corresponds  to  differences  in  A  of  2-4 


cm  or  in  e  of  0.001-0.002  cm"1  compared  with  the 


nominal  values. 

The  positions  of  the  heads  of  the  000:i  ‘  -010’A  ' 
transition,  fitted  with  the  Bolman  et  al.  (8)  constants, 
yielded  a  band  origin  agreeing  with  that  of  ref.  8  w  ithin 
the  0.3-cm"1  laser  line  width.  Individual  line  assign¬ 
ments  and  calculated  en  rgies  also  agreed  well  up  to 
~J  =  40.  but  there  was  a  small  ( I  -  2  cm  1 )  systematic 
difference  between  calculated  and  our  measured  posi- 
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Table  6. 

Band  origins  for  other  levels  (cm  ' 

) 

Vt  v2  V, 

Components 

Origin 

Ref.  9 

Others 

010 

ti2I\ k-I- 

531.9±0.8 

529 

531.8  (ref.  8) 

110 

K2r 

18122:5 

1805 

— 

Oil 

ti2I\ k2I- 

2440.32:0.8 

2436 

— 

020 

H2n 

9482:10 

933 

— 

200 

2n,2 

2532.1  ±1.0 

2366 

2522.  2520" 

“Experimental  and  calculated  values,  respectively,  from  B  J  Sullivan,  D  R  Crosley. 
and  G  P.  Smith,  manuscript  in  preparation. 


tions  for  high  J  (60-  70)  /{-branches.  The  000 ]  I '  - 
010kj2~  band  was  absent  (<10%  of  the  sub¬ 
band)  in  accordance  with  symmetry  considerations. 

The  0102n  -  020^11  band,  shown  in  Fig.  4.  was 
fitted  to  obtain  a  term  value  for  the  »x2n  level.  The 
0I0T1  -  020k :n  band  was  sought  but  could  not  be 
found  (intensity  <"10%  of  the  p.  n  level.)  We  see  no 
obvious  reason  for  its  absence,  but  it  agrees  with  the 
gas-phase,  room-temperature,  LIF  experiments.  (B.  J. 
Sullivan.  D.  R  Crosley,  and  G.  P.  Smith,  manuscript 
in  preparation),  where  fluorescence  from  the  pumped 
010:n  level  to  the  p.TI  level  is  observed,  but  that  to  the 
k:I1  level  is  not. 

The  ’17, ;  level  of  the  200  state  was  observed.  The 
°P ,2  and  P:  branches  were  well  formed.  No  clear  P,  or 
(?,  band  heads,  however,  stand  out  in  the  region  80-90 
cm'1  to  the  red  side,  in  contrast  to  the  case  for  all  the 
other  bands  with  K  =  v2  +  I .  It  is  possible  that  Fermi 
resonance  mixes  the  200.  120.  and  040  stales  so  thor¬ 
oughly  as  to  dilute  the  intensity  to  the  normal  200  :ni: 
component. 

The  B  value  of  the  'IT ;  component  of  the  200  state 
was  found  to  be  0.38685  cm'1  from  the  uPi2~P:  sepa¬ 
ration.  The  term-value  results,  together  with  those  from 
other  investigations,  are  collected  in  Table  6. 

S.  Discussion:  spectral  constants  and  interactions 

The  spectral  constants  determined  in  this  study  and 
listed  in  Tables  2-6  represent  a  fairly  comprehensive 
collection  of  vibrationally  dependent  parameters  for  a 
non-'S  triatomic.  The  high  precision  furnished  by  the 
measured  band-head  positions  and  full  rotational  anal¬ 
ysis  is  determined  by  trial  fits  as  well  as  complete  rota¬ 
tional  line  comparisons  for  000  -  000  and  000-001 
bands.  Gratifyingly.  agreement  is  seen  to  be  within 
common  experimental  error  wherever  comparison  mea¬ 
surements  exist,  although  the  precision  varies  for  each 
quantity  in  a  given  experiment.  For  example,  the  Wong 
er  al.  study  (13)  used  fluorescence  lines  from  a  common 
J'\  their  B  values  were  determined  with  less  precision 
than  ours,  but  their  4(001)  vaLes.  in  particular,  were 
determined  with  greater  precision.  Altogether,  these 
results  reflect  the  utility  of  selectivity  detected  LIF  per- 


0.386  0.388  0  390 

®uppe«  (cm  ) 

Fig.  5.  Rotational  constant  B  for  the  lower  spin  component 
vs.  that  of  the  upper  spin  component.  Circles,  levels  not  in 
Fermi  resonance  (  vs  =  0);  triangles,  levels  in  Fermi  resonance 
(v,  =  I).  Each  line  has  a  slope  of  unity.  The  lower  line  has 
an  intercept  at  the  origin  and  the  intercept  of  the  upper  one  is 
offset  by  7  x  10  4  cm  '.  reflecting  the  average  difference  Afl 
for  these  levels. 

formed  in  a  flame  where  large  populations  of  vi¬ 
brationally  and  rotationally  excited  free  radicals  exist. 

In  this  section  we  further  examine  the  trends  in  the 
spectral  constants  with  vibrational  level.  They  can  be 
used  to  determine  the  gas-phase  values  of  uj,  and  to,  for 
the  first  time,  and  to  extract  vibration-rotation  inter¬ 
action  constants.  For  levels  with  K  =  v:  +  I  and  v,  = 

1 .  variations  in  the  A  values  and  the  difference  between 
B  values  for  different  spin  components  can  be  satis¬ 
factorily  explained  in  terms  of  Fermi-resonant  inter¬ 
actions.  A  small  dependence  of  A  on  v,  is  observed  for 
levels  having  v,  =  0.  In  the  next  three  subsections  we 
consider  the  levels  having  K  =  v:  +  I.  and  conclude 
this  section  with  comments  on  the  other  levels  studied 

5.1  Vibrational  constants 

From  differences  among  the  vibrational  term  values 


B 


R 


1 


'/.V.V.'/.'/.V,.'.  /.v.v.Ajf  V./V.,'./, r.  s.  .-.v,  /;/  /  v.  ,'.v  v  .«  -  .  -  .  -V 
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Table  7.  Vibrational  constants  (cm  ') 


Present 

results 

Sullivan  et  al.“ 

Bondybcy  and 
English  (9) 

Dixon 

(6) 

Bolman  et  al 
(8) 

Jfl-' 

17.0 

_ 

4.5 

_ 

_ 

*2* 

- 14.6 

— 

-8 

— 

— 

Jfn 

-24.8 

-27.8 

-14 

— 

— 

*i 1 

— 

- 10.3 

-64 

— 

— 

X12 

— 

— 

-2.7 

0.7 

— 

X\\ 

— 

-11.6 

-17 

— 

— 

Kli  +  2.tn“ 

1266.1 

1273 

1144 

— 

— 

UI;  +  3X;_. 

536.4 

— 

521.4 

541.5 

537.5 

uii  +  2xw 

1949.1 

1943 

1889 

— 

— 

U)|  " 

1286.7 

1293 

1272 

— 

— 

U>: 

534.3 

— 

529.5 

539.4 

535.4 

CD. 

1972.5 

1966 

1923 

— 

— 

"B.  J.  Sullivan.  D  R  Crosley.  and  G  P  Smilh.  manuscript  in  preparation 
“Ignoring  Fermi  resonant  contributions  of  -  4  cm  ' 


Table  8.  Energies  of  levels  involved  in  Fermi  resonance 
(cm  ') 


Level  pair 

l*>“ 

\b? 

!  K  >■ 

IP)" 

100-020 

1315 

1225 

1193 

954 

1 10-030 

1862 

1781 

1760 

1474 

101-021 

3214 

3122 

3085 

2847 

II 1-031 

3747 

3661 

3638 

3352 

“Upper  component  of  (I,  v,.  v, ).  observed 
“Lower  component  of  (I.  v;.  v , ).  observed 
,  :n  ,;  or  ’i. :  component  of  k  (0.  v.  2.  v,t.  calculated 
'Average  of  p  (0.  v:  +  2,  v,  I .  calculated. 


listed  in  Table  2.  we  can  obtain  several  vibrational 
constants.  Given  in  the  table  are  the  energy  level  posi¬ 
tions  following  removal  of  the  spin-orbit.  Renner- 
Teller.  and  rotational  contributions  discussed  in  Sect  2. 
The  term  values  for  levels  with  v:  =  I  are  obtained  from 
the  A  components.  Because  the  energies  still  contain 
the  ga | K |  term  (18).  an  amount  g*  =  3.6  cm  1  must  be 
subtracted  from  all  differences  between  levels  having 
Av;  =  I.  in  order  to  consider  pure  vibrational  energy. 

From  the  term  value  differences,  we  can  obtain  di¬ 
rectly  the  three  cross-anharmonic  terms ,t i:.  r: , ,  and  .r,,. 
and  the  sums  ui,  +  2  r  .  u>;  +  3.r;:.  and  ui.  +  2.tu.  The 
values  for  the  two  independent  determinations  of  any 
single  quantity  have  ±0.6  cm  1  uncertainty,  although 
the  full  set  is  not  overdetermined  and  all  results  (and 
errors)  are  correlated.  The  term  .r „/'  cannot  be  dis¬ 
tinguished  from  i:;  and  gj/f I  in  these  studies  and  is 
ignored.  The  results  arc  listed  in  Table  7.  where  they 
are  compared  with  medium-resolution  determinations 
using  fluorescence  spectra  following  laser  excitation  of 
the  A:X '  state  in  a  matrix  (9)  and  the  B:U,  state  in  the 
gas  phase.  The  value  of  u>-  +  3.t;;  =  536.4  cm  1  may 
also  be  compared  to  537.5  cm  1  using  the  Bolman  a  al 


(8)  value  for  io;  and  Dixon's  determination  (6)  of  .r;:. 
+0.7  cm'1.  Using  this  value  for  .r;;  and  the  gas-phase 
results  (B.  J.  Sullivan.  D  R.  Crosley.  and  G.  P  Smith, 
manuscript  in  preparation)  for.tn  and  r».  the  harmonic 
constants  u>,.  u>;.  and  u><  can  be  obtained  and  are  also 
listed  together  with  comparisons. 

Levels  with  v,  =  I  can  be  in  Fermi  resonance  with 
lower-lying  levels  having  two  more  quanta  in  v;.  which 
would  push  the  v,  =  I  levels  higher  than  their  un¬ 
perturbed  vibrational  energy.  This  has  been  ignored  in 
the  present  vibrational  analysis  although  the  results  of 
Sect.  5.3  show  that  it  is  present.  The  results  from  that 
treatment  indicate  an  upward  shift  of  -2  cm  1  for  100 
and  101 .  and  --6  cm1  for  110  and  1 1 1  compared  w  ith 
the  values  obtained  here.  For  the  analvsis  method  used. 


this  means  that  our  result  for  u>,  would  be 
too  high. 


-4  cm 


5.2  Spin-orbit  splittings 

An  inspection  of  the  set  of  A  values  in  Table  3  reveals 
three  distinct  trends  We  initially  consider  the  four 
levels  that  cannot  be  involved  in  Fermi  resonance. 
First,  an  increase  in  the  magnitude  of  A  occurs  with 
stretching  vibrations:  from  the  pairs  (X)I-(XK)  and 
01 1  -  010.  this  amounts  to  an  increase  of  1 .3  cm  '  when 
v,  is  augmented  by  one  quantum,  perhaps  reflecting  a 
tendency  toward  a  O — CN  limit.  Second,  the  ratios  of 
Am  for  corresponding  :A  and  ;I1  levels  may  be  com¬ 
pared.  Equation  2  predicts  a  decrease  of  I  .()'<  in  l.4c„i 
in  going  from  :II  to  A  The  0I0-(XX)  pair  shows  a 
decrease  of  1.69}.  while  that  of  the  01 1  —  IX) I  set  is 
1 .99; .  Thus,  these  trends  are  reasonable  agreement  w  ith 
expectations. 

The  other  four  levels  show  larger  and  less  apparently 
regular  differences.  For  each  of  these.  v;  =  I  so  there 
exists  the  possibility  for  Fermi  resonance.  The  dis¬ 
tinction  between  these  same  two  sets  of  levels  is  also 
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Table  9.  Shifts  due  to  Fermi  resonance  (cm  '  I 


Table  10  Rotation- vibration  interaction  constants 


Level 

|A  A 

calculated 

1 

measured 

I0J 

calculated 

A  B  - 

measured 

1 10  'em  1 ) 

Band 

combinations 

u 

ioo-’n 

6.3 

5.8 

6.4 

7.0  a, 

100-(KX) 

1  IN) 

1  I0’A 

11.5 

12.9 

13.7 

7.4 

101  -001 

0  X4 

ioi -n 

5.6 

4.9 

5.4 

7.9 

1 10-010 

0  02 

1 1 1  ’A 

9.7 

9.9 

8.6 

4.9 

average 

0  44 

ref  1 3 

:  i 

a: 

010-000 

- 1 :: 

evident 

in  the  A B  values  of  Table  5.  The 

spin-orbit 

110-  l(X) 

-1  36 

splittings  and  A5  values  can  be  satisfactorily  explained 

01 1  -001 

-1  19 

by  this  interaction. 

average 

-  1  26 

The  only  levels  that  interact  with  (  v,  =  I .  v:.  v, )  are 
the  k  and  gi  pair  of  (0,  v:  +  2,  v<)  lying  at  lower 
energies.  A  calculation  was  performed  for  the  un¬ 
perturbed  energies  of  these  latter  states  using  the 
vibrational  constants  in  Table  2.  calculated  pair  split¬ 
tings.  and  effective  spin-orbit  splittings.  The  results  are 
listed  in  Table  8  along  with  the  observed  energies  of  the 
( v,  =  1,  v:.  v,)  levels.  Because  the  lower  spin  com¬ 
ponent  |Z>)  of  (v,  =  I,  v,,  v,)  always  lies  closer  to  its 
k  counterpart,  and  because  it  interacts  more  with  the  k 
level  than  does  the  upper  spin  component  |/t).  it  will  be 
affected  more  by  the  Fermi  interaction.  Thus,  the  ener¬ 
gies  of  both  components  of  the  levels  with  v,  =  1  are 
increased,  the  lower  one  more  so,  thus  decreasing  the 
apparent  spin-orbit  splitting. 

The  1 10  and  1 1 1  levels  lie  closer  to  the  perturbing 
levels,  and  would  thus  be  expected  to  exhibit  a  larger 
change  in  A  than  100  and  101 .  This  is  in  accord  with  the 
results:  the  first  pair  has  an  |A|  that  is  10-13  cm  '1 
lower  than  the  corresponding  non-Fermi  interacting 
pair  (010  and  01 1  respectively >.  while  the  decrease 
of  |A|  in  the  latter  is  5-6  cm  1  (compared  with  000 
and  001 ). 

Needed  for  a  quantitative  calculation  of  the  energies 
of  the  interacting  pair  are  the  energies  in  Table  8  and  an 
estimate  of  the  interaction  strengths  W.  These  are  given 
for  the  four  possible  interactions  b  —  k.  b-p c.  Ii-k. 
and  /i  —  m-  using  [l]  to  describe  the  levels  and  the 
matrix  elements  for  Fermi  resonance  given  by  Hougen 
(20).  Of  the  two  Fermi  interaction  terms  W,  and  W;  for 
a  ’ll  tnatomic.  W,  might  be  expected  to  be  10-40  cm  ' 
and  W,  to  be  near  zero.  Our  data  do  not  permit  deter¬ 
mination  of  both  w  ith  confidence,  and  we  set  W’;  =  0  in 
Hougen  s  equations. 

A  straightforward  fit  of  W,  shows  that  an  excellent 
description  of  the  |A|  values  is  obtained  for  an  inter¬ 
action  constant  of  W ,  =  10. 1  cm  '.  (This  corresponds 
to  W„,  =  15.7.  W*.  =  9.7.  =  -13.1.  and  W„H  = 

—  18  0  cm'1.)  The  results  for  the  calculated  vs.  mea¬ 
sured  shifts  of  the  spin-orbit  splitting  arc  given  in 
Tabic  9  The  calculations  predict  that  the  |/i)  component 


001  -0(X) 
01 1  -010 
101 -100 
average 
ref  13 


in  each  case  is  shifted  upwards  by  I  8  cm  '  owing  to 
interaction  with  the  p  and  k  states,  and  that  the  i/>) 
component  is  shifted  upwards  0  8  cm  '  by  interaction 
with  pc  The  remainder  arises  from  the  b-  k  interaction, 
leading  to  the  net  shifts  |AA1  listed 

The  agreement  seen  in  Table  9.  involving  calculated 
levei  positions  and  only  W,  as  an  adjustable  parameter, 
is  quite  good,  and  constitutes  a  satisfactory  description 
of  the  variation  in  spin-orbit  splitting  due  to  Fernu 
interaction. 

5.3  Rotational  constants 

We  first  consider  differences  in  B  values,  as  listed  in 
Table  4.  to  obtain  results  for  a,  For  levels  with  v,  = 
0.  the  average  B  is  used  When  v,  =  I .  the  (3  value  of 
the  lower  spin  component  />)  is  affected  by  Fernu  res¬ 
onance.  but  the  upper  component  In  is  not  significantly 
perturbed  We  therefore  take  the  B  value  of  the  l It  >  com¬ 
ponent  to  represent  that  of  the  unperturbed  state  de¬ 
value  differences  involving  the  1 1 1  level  do  not  fit  the 
patterns  well  We  do  not  know  the  reason  why .  hut  it  is 
ignored  in  the  analysis 

The  results  for  the  a  s  listed  in  Table  Id  show  consis¬ 
tent  results  Results  from  other  investigations  exist  only 
for  a  single  pair  of  levels  in  each  case  (see  Table  4 1.  Our 
results  for  a,  and  a,  are  one-half  and  two-thirds, 
respectively  of  those  found  by  Wong  cr  al  (13).  al¬ 
though  not  outside  their  error  bars  Our  results  agree 
well  with  those  of  Dixon  (6i  and  Bolman  ct  al  181 
for  a; 

For  levels  involved  in  Fernu  resonance,  that  is.  the 
lower  spin  components  |/i)  of  those  _*vcls  having  v ,  = 
1.  the  rotational  constants  are  affected  (see  [4]t  Be- 
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cause  a:  >  Oand  a,  <  0.  the  (  v,  =  1,  v;.  v,)  levels  have 
a  smaller  B  than  the  penurbing  ( v,  =0.  v:  +  2,  v, ) 
levels  in  each  case;  thus  the  B  of  the  | b)  component 
should  be  greater  than  that  of  the  |/i)  component.  This 
is  in  agreement  with  the  experimental  results  (Table  5 
and  Fig.  5).  The  levels  not  in  Fermi  resonance  have 
A B  =  (—6  ±  9)  x  10'5  cm'1  while  those  with  v,  =  I 
have  A B  =  (68  ±  13)  x  lO"*  cm"1. 

The  predicted  A B  due  to  Fermi  interaction  was  calcu¬ 
lated  according  to  [4],  considering  only  the  k  level  as 
perturbing.  The  B  for  the  unperturbed  v,  =  1  level  was 
set  equal  to  that  of  the  upper  spin  component,  which  is 
little  mixed  by  the  interaction.  The  B  for  each  ( v,  =  0. 
v:  +  2,  Vj)  level  was  calculated  using  the  a  constants 
of  Table  9.  We  assume  for  the  present  purpose  that  the 
rotational  constant  within  these  bending  levels  does  not 
depend  on  K  or  the  k.  ordering,  despite  the  fact  that 
Bolman  et  al.  (8)  found  a  difference  of  0.0009  cm  "1  in 
the  B  values  for  k  and  p.:2‘  of  the  010  level.  W,  as 
determined  from  the  |AA|  splittings  in  the  preceding 
section  was  used  to  compute  the  mixing  coefficients  £• 
The  results  are  given  in  Table  9.  As  with  the  |AA| 
values,  the  predicted  and  experimental  results  are 
sensibly  ordered  and  of  the  correct  overall  size  Thus, 
the  Fermi  interaction  with  W,  =  10.1  cm"'  satis¬ 
factorily  describes  both  the  spin-orbit  splitting  and  rota¬ 
tional  constant  differences  for  all  four  vibrational 
levels. 

5.4  Results  for  other  levels 

The  vibrational  term  values  of  the  ’I  and  :A  pairs  of 
levels  of  a  ( V|,  v;  =  1.  v3)  level  should  differ  by  an 
amount  (8)  2 %K  -  l/2e:uj:  or  18  cm"1.  This  predic¬ 
tion  is  well  borne  out  by  the  values  in  Tables  2  and  6. 
The  difference  is  1 .8  cm"'  for  the  010  set  and  1 .2  cm"' 
for  the  01 1  set.  In  the  case  of  1 10.  the  difference  is 
10  ±  5  cm"'.  perhaps  reflecting  the  additional  upward 
shift  due  to  the  Fermi  resonance  with  030. 

The  term  value  for  200,  2532  cm  ',  was  obtained 
from  the  measured  term  value  for  the  :n, :  component. 
2580  cm'1,  assuming  that  this  component  is  0  5A„„ 
higher  than  the  vibrational  energy  This  may  be  com¬ 
pared  with  a  value  of  2521  cm  1  calculated  using  the 
constants  from  this  work  and  the  low-pressure  results 
(B  J.  Sullivan.  D  R  Crosley,  and  G  P  Smith,  manu¬ 
script  in  preparation)  given  in  Table  7  The  difference 
may  be  partly  due  to  an  overall  upward  shift  due  to 
Fermi  interaction  with  both  120  and  040 

The  B  value  for  the  11, ;  200  level  does  not  conform 
to  a,  =  0  94  x  |()  1  as  given  in  Table  10  fl(2(K)i  - 
fi(l(K))=  I  52  x  |()  'em  1  The  reason  for  this  differ¬ 
ence.  however,  cannot  be  found  in  Fermi  resonance 
because  the  II, :  level  is  little  affected  and  the  differ¬ 
ence  would  be  smaller,  not  larger 

The  value  given  for  the  vibrational  term  value  of  200 


from  the  matnx  fluorescence  spectra  (9i  is  much  lower 
than  that  obtained  here  Our  inspection  of  Fig  l/>  of 
ref.  9  suggests  a  200  assignment  with  a  term  value  of 
2510  cm'1  This  may  also  be  the  reason  for  the  large 
magnitude  of  rn  from  the  matrix  work  (see  Table  7), 

Recall  that  while  the  UP,:  and  P_  heads  belonging  to 
the  *11 1 ;  component  of  200  were  well  defined,  the  P, 
and  Q,  heads  associated  with  :n,;  did  not  stand  out 
There  are  possible  heads  —74  and  —  105  cm  1  to  the  red 
side.  It  is  possible  that  here  the  Fermi  resonances  cause 
significant  mixing  and  dilute  the  oscillator  strength 
over  two  or  three  :fli:  components  A  future  experi¬ 
ment  to  address  this  question  would  involve  scanning 
the  monochromator  so  as  to  obtain  a  fluorescence  spec¬ 
trum  from  each  excitation,  so  as  to  ascertain  the  prin¬ 
cipal  identity  of  each  of  the  head  features. 

6.  Summary 

This  study  has  demonstrated  the  promise  for  spec¬ 
troscopic  determinations  using  selectively  detected  LIF 
in  a  flame  environment  where  a  copious  number  of 
vibrationally  and  rotationally  excited  radical  species 
exist.  Vibrational,  rotational,  and  spin-orbit  constants 
have  been  obtained  for  several  levels  of  NCO  (Af  ’fl,) 
inaccessible  using  conventional  spectroscopic  methods. 
A  description  in  terms  of  Renner-Teller  interactions, 
with  a  previously  known  parameter  e  =  0  144  cm  '. 
and  Fermi  resonances,  with  a  newly  determined  W,  = 
10. 1  cm"',  provides  excellent  agreement  with  mea¬ 
sured  quantities. 
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Abstract — Relative  Einstein  emission  coefficients  have  been  measured  for  transitions  from  the 
v’  =  0  and  I  levels  in  the  .4:A-.V!n  and  -.V:n  systems  of  the  CH  radical.  The  measurements 
were  made  in  an  atmospheric  pressure  methane-air  flame,  and  the  results  are  compared  with 
theoretical  calculations. 


INTRODUCTION 

Emission  from  the  CH  radical  is  responsible  for  the  familiar  violet  coloration  of 
hydrocarbon  flames.  This  emission  has  been  used  in  studies  of  the  combustion  of  practical 
systems,  such  as  pulse  combustors  and  gas  turbine  engines,  to  locate  the  position  of  the 
reaction  zone  of  the  flame.  CH  has  also  been  observed  in  absorption  in  flames  and  is 
readily  detectable  using  laser-induced  fluorescence  (LIF).  Its  emission  and  absorption  are 
found  in  systems  of  astrophysical  interest,  in  the  spectra  of  comets  and  stars. 

Quantitative  measurements  of  CH  concentrations  and  experiments  investigations  of 
energy  transfer  in  the  radical1  require  knowledge  of  relative  and  absolute  transition 
probabilities  for  different  vibrational  bands.  We  report  here  measurements  of  relative 
transition  probability  ratios  for  several  bands  in  the  and  B2Z~-X2 II  systems  of 

CH  in  the  blue  and  near  ultraviolet.  The  experiments  were  performed  in  an  atmospheric 
pressure  flame,  and  the  results  are  compared  with  theoretical  calculations  involving 
electronic  transition  moments  which  vary  with  ini-rnuclear  distance.  Although  the 
precision  of  the  experimental  results  ranges  from  10  to  °  K.  they  are  adequate  to  establish 
the  form  of  the  transition  moment  and  for  use  in  applications  of  emission  and  LIF 
monitoring  of  CH. 


EXPERIMENTAL  METHOD  AND  RESULTS 
A  methane-air  flame  was  burned  at  atmospheric  pressure  on  a  small  torch  burner. 
CH  was  present  in  copious  quantity  in  the  reaction  zone,  where  the  temperature, 
determined  from  excitation  scans  furnishing  the  ground  state  rotational  population 
distribution,  was  2040  K.  An  excimer  laser  was  used  to  pump  a  dye  laser  whose  beam 
was  directed  into  the  flame,  exciting  specific  levels  of  the  A  or  B  state.  The  resulting 
fluorescence  was  collected  at  right  angles  and  focused  onto  the  slit  of  a  0.35-m  focal 
length  monochromator,  the  slit  was  aligned  parallel  to  the  laser  beam.  Following 
amplification,  the  signal  was  processed  with  a  boxcar  integrator  and  stored  either  on  a 
strip-chart  recorder  or  on  a  laboratory  computer.  The  laser  power  was  monitored  during 
the  runs  to  normalize  the  signals.  The  wavelength-dependent  response  of  the  spectrometer 
and  photomultiplier  detector  was  calibrated  against  a  standard  tungsten  lamp. 

With  the  laser  wavelength  fixed  so  as  to  excite  a  particular  vibrational  level  i  ’  in  one 
of  the  electronic  states,  the  spectrometer  was  scanned  to  measure  t  ■  fluorescence  intensity 
of  each  band  emitted  by  that  level.  The  observed  bands  and  theii  wavelengths  ((2-branch 
origins)  are  listed  in  Table  I.  The  resolution  employed  depended  on  the  signal  level  and 
possible  interference  with  other  bands:  it  varied  from  2  to  40  A.  Although  the  (I.  1)  and 
(0.  0)  bands  of  the  A-X  system  are  severely  overlapped,  the  lack  of  significant  vibrational 
transfer'  in  the  flame  permitted  distinction  between  them  when  r’  =  I  was  pumped. 

The  experimental  results  for  ratios  of  Einstein  coefficients  .4,  for  the  r'  =  0  and  1 
levels  in  both  the  B  and  A  states  are  given  in  Table  2.  Listed  in  Table  3  arc  ratios  of  the 
vibrational  transition  probabilities 

P,,-  r  (I) 
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Table  I  Observed  bands 


Systea 

*2a-x2n 


B2r*-x2n  0,0 


Band 
v*  ,v" 

Wavelength 

no 

F  ranck-Condon 
factor3 

Einstein 

emission 

coefficient 

sec"* 

" 

Absorption 

oscillator 

strength 

0,0 

431.5 

0.992 

1.8  x  106 

5.1  x  10‘3 

0,1 

489.0 

0.0072 

2.7  x  I04 

9.9  x  10'5 

1,0 

385.9 

0.0074 

2.0  x  104 

4.4  x  10"5 

1.1 

431.4 

0.986 

1.8  x  106 

5.1  x  10*3 

1.2 

485.9 

0.0056 

3.9  x  104 

1.4  x  10*4 

0,0 

388.6 

0.865 

2.8  x  106 

3.2  x  10“3 

0.1 

435.3 

0.114 

1.7  x  10* 

2.4  x  10’4 

1.0 

363.3 

0.118 

8.8  x  105 

8.8  x  lO*4 

1.1 

403.4 

0.569 

1.8  x  106 

2.2  x  10'3 

1.2 

450.4 

0.171 

2.9  x  105 

4.4  x  10‘4 

’  Obtained  from  Morse  potentials  for  ,4-X:  from  Ref.  7  for  B-X. 


The  errors  quoted  arise  from  an  estimate  of  the  accuracy  in  each  measurement,  together 
with  scatter  in  replicate  measurements  of  the  same  ratio. 


DISCUSSION 

The  transition  probability  for  the  (i‘.  v")  band  may  be  written  in  terms  of  an  integral 
of  the  electronic  transition  moment  R,(r)  over  the  vibrational  wave  functions  as 


V,  -  -  |  J  <*>• 


{r)Ri{r)<t>A>4)  drk 


where  r  is  the  internuclear  distance. 


R.ir)  =  j  V,lr,  rC|)A/(r,  r^W^r.  rc!)  drc. 


Table  2.  Experimental  results.  Einstein  emission  coefficient  ratios 


System 

Ratio 

Va  lue 

A25-X27 

Villon 

0.015  ±  0.005 

A1  2 /AI 1 

0.022  ±  0 .00 2 

A1  0 /A1 2 

0  .50  t  0.1  2 

bV-x2: 

Aoi/Aoo 

0.06  ±  0.02 

Am/Al , 

0.5  t  0.2 

A1  2 /A10 

0.3  ±  n.i 

I 


I 


>VSS5 


mmsm 
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Table  3.  Vibrational  band  intensity  ratios 


This  Study 

Ref.  S 

Ref.  6 

Ratio 

Experiment 

Calculated 

A2a-x2n 

Pot^oo 

0.022  ±  0.007 

0.022 

0.031 

7  x  10"5 

PlU'P.i 

0.008  *  0.002 

4  x  10'4 

0.001 

0.029 

p^/pn 

0.031  *  0.003 

0.031 

0.064 

0.005 

B2:-x2n 

poCpoo 

0.08  *  0.03 

0.076 

0.047 

- 

PlO/Pll 

0.37  *  0.15 

0.30 

0.72 

- 

P 1 2/P 1 1 

0. 17  *  0.08 

0.14 

0.24 

describes  the  probability  of  the  electronic  transition  as  a  function  of  r.  M  is  the  transition 
dipole  moment  function. 

The  .4-.V  transition  of  CH  is  highly  diagonal,  i.e.  the  potential  curves  for  the  two 
electronic  states  are  nearly  identical,  and  the  wave  functions  are  close  to  orthogonal.  This 
fact  is  reflected  in  the  small  Franck-Condon  factors 


J 


4><  <t> dr  : 


(4) 


for  the  off-diagonal  (Ar  #  0)  bands  (see  Table  I).  The  relative  values  of  for  these 
bands,  while  small,  are  larger  than  the  relative  </,  because  regions  of  small  and  large  r 
are  weighted  differently  by  the  r-dependent  transition  moment.  Eq.  (3).  reducing  the 
degree  of  cancellation  in  the  integral  in  Eq.  (2).  A  proper  theoretical  description  of  the 
relative  transition  probabilities  must  thus  lake  into  account  the  variation  of  Rt  with  r.  as 
is  necessary  in  the  .4-.V  systems  of  the  diatomic  hydrides  OH  (Ref.  2)  and  NH  (Ref.  3). 

Functional  forms  of  R,ir)  have  been  calculated  from  ah  initio  wave  functions  for  the 
A-X  system  of  CH  in  three  studies.  HuoJ  found  a  nearly  linear  form  when  r  was  near 
the  equilibrium  value  for  the  two  states:  however,  the  range  covered  in  Ref.  4  is  too 
restricted  for  the  present  purpose.  Hin^e  cl  at  (HLL)?  have  performed  calculations  over 
a  larger  range  of  r  and  used  the  resulting  R,ir).  together  with  <£,  from  their  theoretically 
obtained  potentials,  to  determine  A,  Larsson  and  Siegbahn  (LS)*  have  used  a  slightly 
different  basis  set  to  calculate  values  of  0,  and  R,ir).  We  have  converted  their  reported 
band  oscillator  strengths  to  relative  p,  for  comparison  with  the  experimental  results. 
The  results  of  HLL  and  LS,  in  the  form  of  ratios  of  v  ibrational  transition  probabilities, 
are  given  in  Table  2. 

We  have  used  Morse  oscillator  wave  functions  and  a  linear  form  of  the  electronic 
transition  moment 


R.ir)  =  c(  I  -  pr).  (5) 

with  a  slope  determined  by  fitting  the  observed  transition-probability  ratios  p,H/p,„  and 
Pxilim.  The  Morse  -ave  functions  should  be  valid  for  the  low  1',  1"  encountered  here 
and  should  form  a  better  represen.ation  of  the  A  and  V  states  of  CH  than  the  <t>, 
determined  from  the  ah  initio  potentials.  A  reasonable  description  ot  the  two  ratios 
Pm/P(»)  and  p^/Po  can  be  obtained  with  a  slope  p  =  0.43  A  '.  but  the  calculated  pnJPu 
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ratio  is  much  too  small  compared  with  the  experimental  value.  This  is  also  the  case  for 
the  HHL  values.  The  results  are  listed  in  Table  3. 

The  r-centroid 


A.-  =  J  A  rfa-drjj  0v<t>l-dr 


(6) 


represents  the  average  value  of  the  internuclear  distance  sampled  during  the  electronic 
transition  for  the  ( v\  v")  band.  Because  it  is  larger  for  (I.  0)  than  for  (1,  1)  and  Pm/Pu 
>  qi0/Qn.  no  form  of  Rj(r)  as  in  Eq.  (5)  will  correctly  describe  this  ratio.  An  examination 
of  the  ab  initio  transition  moments5  6  shows  at  large  r  an  upward  deviation  from  the 
linear  decrease,  producing  a  larger  transition  probability  ratio  Pw/Pn  than  would  be 
expected  from  the  linear  form.  We  conclude  that  a  linear  moment  is  clearly  inappropriate, 
although  neither  ab  initio  calculation  produces  agreement  with  experiment. 

For  the  B-X  system,  the  single  ab  initio  calculation  by  HLL  can  be  well  represented 
in  linear  form  with  a  slope  of  0.59  A'1.  In  this  case  we  are.  however,  faced  with  a 
different  theoretical  problem.  The  form  of  the  vibrational  wave  functions  is  highly 
uncertain.  The  B2Z~  state  has  a  very  shallow  potential,  with  only  two  bound  vibrational 
levels  for  CH  and  three  for  the  CD  isotopic  form.  Consequently.  Morse  wave  functions 
are  not  expected  to  form  a  valid  representation  of  the  4>t-.  Available  are  qvx-  and  ftv- 
values  from  RK.R  curves.7  These  incorporate  a  larger  value  of  the  anharmonicity  in  the 
5-state  (374  cm'1)  than  that  currently  accepted  (230  cm'1)  from  isotopic  scaling  from 
the  CD  value.  Nonetheless,  we  used  them  to  fit  the  experimental  values  for  the  vibrational 
transition  probability  ratios  to  a  linear  form  for  R^r):  we  find  a  best-fit  slope  of  p  =  0.443 
A'1.  The  calculated  values  are  listed  in  Table  3  along  with  the  experimental  results  and 
ratios  from  HLL. 

Several  radiative  lifetime  measurements  have  been  made  on  the  .4-state  and  one  on 
the  5-state.  The  most  reliable  values  appear  to  be  540  nsec  for  v'  =  0  of  .42A.  from  both 
a  high-frequency  deflection  method8  and  an  L1F  measurement.9  Only  one  measurement 
has  been  made  for  B:Z~,  also  by  high-frequency  deflection:  the  result8  for  t'  =  0  is  340 
nsec.  We  combine  these  lifetimes  with  our  experimental  transition  probability  ratios, 
recalling  that 


■4V  =  2  (7) 

i' 

in  order  to  calculate  Einstein  emission  coefficients  and  absorption  oscillator  strengths  for 
the  bands  studied  here.  The  absorption  oscillator  strength  for  the  B-X  transition  is  half 
that  of  the  emission  oscillator  strength,  due  to  the  difference  in  degeneracy  between  the 
two  states.  The  results  are  listed  in  Table  1.  Finally,  we  can  compare  the  ratios  of  the 
oscillator  strengths  for  the  (0.  0)  bands  of  the  B-X  and  .4 -A'  systems  with  experimental 
results  of  Linevsky10  using  absorption  in  a  graphite  furnace  containing  H:.  Our  value  of 
/oo(B)//o,o(.4)  =  0.62  may  be  compared  with  Linevsky's  experimental  result  of  0.6 1 
±  0.10. 

In  a  hydride,  with  its  large  centrifugal  distortion,  the  effective  r-centroid  within  a 
vibrational  band  can  increase  with  rotational  quantum  number  J.  causing  a  7-dependent 
transition  probability  and  radiative  lifetime."  Because  of  rapid  rotational  energy  transfer 
in  the  flame,  such  a  dependence  was  not  observable  in  our  experiments.  However, 
measurements  of  the  lifetime  in  both  the  A  and  B  states8  have  been  made  as  a  function 
of  J.  For  B:Z~,  an  increase  is  found  as  J  increases,  consistent  with  a  decrease  in  R,  with 
increasing  internuclear  distance.  For  ,4:A.  the  experimental  results  are  not  definitive. 

The  experimental  uncertainties  lead  to  errors  of  5‘7  in  the  results  listed  in  Table  1  for 
the  Einstein  emission  coefficients  and  absorption  oscillator  strengths  for  the  (0.  0)  bands 
of  both  systems  and  the  (I.  I)  band  of  4-A.  Errors  of  10-40';  are  present  in  the 
remainder  of  the  results  listed,  as  a  direct  consequence  of  the  uncertainties  listed  in  the 
first  column  of  Table  I.  This  level  of  precision  is  adequate  to  demonstrate  experimentally 
that  the  electronic  transition  moment  for  both  systems  decreases  with  r.  and  to  furnish 
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transition  probability  information  useful  for  the  purposes  noted  in  the  Introduction.  A 
more  definitive  test  of  the  deviation  from  linearity  of  RAt)  of  the  ,4-X  system  will  require 
more  precise  measurements  and.  if  possible,  extension  to  a  larger  range  of  v'  and  v". 
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RATE  CONSTANTS  FOR  USE  IN  MODELING* 


D  M.  GOLDEN  and  C  W  LARSON 
Department  of  Chemical  Kinetics 


SRI  International .  Menlo  Park.  CA  94025 


The  current  status  of  quantitative  understanding  of  reaction  rate  constant  data  for  use  in 
combustion  modeling  is  discussed  It  is  pointed  out  that  simple  bimolecular  and  unimolecular 
reactions  can  be  tabulated  as  functions  of  various  physically  meaningful  parameters  ov  er  w  ide 
ranges  of  temperature  and  pressure  Also  discussed  are  the  more  complicated  problems  of 
complex  surfaces  and  their  manifestations.  Major  emphasis  is  placed  on  the  underlying  frame¬ 
work  for  critical  evaluation  of  rate  data 

We  point  out  that  currently  used  values  for  2CH3  — ►  +  C;H5  +  H  are  incompatible  with 
the  reverse  reaction  and  that  the  temperature  dependence  of  the  branching  ratio 


.  NH  +  NO 

H  ~  N.O  <T  can  be  understood  in  terms  of  an  energv -dependent  transition  state 

'  N  OH  +  V 


for  the  NH  channel 


Introduction 


Computer-based  modeling  of  chemical  reaction 
systems  is  lieeotning  verv  common  1  The  compu¬ 
tational  frontiers  are  constantly  living  pushed  ahead 
and  greater  numbers  ol  scientists  have  taken  ad¬ 
vantage  of  standard  codes  that  have  been  devel¬ 
oped 

Mans  modelers  and  compilers  of  combustion  ki¬ 
netic  data  have  developed  the  habit  of  abstracting 
the  literature  for  the  necessary  model  inputs  with¬ 
out  critical  analysis  Unfortunately,  given  the  great 
difficulty  ol  |>crforining  and  understanding  experi¬ 
ments.  values  that  are  both  suspect  on  physical 
grounds  and  internalls  inconsistent  otten  find  their 
wav  into  the  data  have 

As  these  chemical  models  are  adapted  lor  larger 
systems  the  need  increases  lor  an  mlcritwllv  con¬ 
sistent  method  for  critical  evaluation  of  the  rate- 
constants  that  make  up  a  given  mode,  as  well  as 
lor  mtercomparisoii  ol  models  Rate  constants  must 
lie  correct  not  onlv  m  absolute  magnitude  at  a  given 
temperature  but  also  with  respect  to  their  tem¬ 
perature  pressure  and  environmental  I  e  nature 
of  the  colliding  partners  variations  Furthermore 
since  complex  chemical  mechanisms  invariable  con¬ 
tain  competing  steps  and  the  branching  ratios 
evolving  Ironi  these  competitions  mas  earn  the 
mechanism  in  ehstmctlv  different  directions  it  is 
crucial  to  have  ,c  consistent  treatment  ol  competing 
pnthunv  s 


This  paper  reviews  the  guidelines  already  well 
established"  for  a  framework  in  which  to  evaluate 
rate  data  Also  discussed  will  be  those  areas  where 
this  framework  needs  further  substantiation  In  ad¬ 
dition.  some  development  of  the  treatment  of  that 
increasingly  ubiquitous  class  of  reactions  that  ap¬ 
pear  to  proceed  via  a  bound  intermediate  will  be 
presented 

It  is  intended  to  enable  modelers  to  have  the 
courage  based  on  knowledge,  to  extend  individual 
rate  parameters  for  elementary  chemical  reactions 
and  chemical  mechanisms  beyond  the  range  ol  cur¬ 
rent  measurement  Indeed,  this  is  a  modeling  re¬ 
quirement  since  most  of  the  kinetic  laboratory  stud¬ 
ies  are  performed  at  temperatures  less  than  HHH)  k 
and  most  of  the-  flame  temperatures  of  interest  are 
lietwccn  12(H)  and  2(HH)  k 


Ground  Rules 


f  runic  u  ork 


*1  III'  work  was  ocp'ictiled  lev  ibr  l  N  Arms  Kr 
search  (tiller  <  oc.tr.  I  No  I )  A  At  .29 -Nil  k  IH1-|<) 


The  model  lor  elenieutarv  reactions  based  on  the 
transition  stale  thecirv  TNT  is  discussed  m  most 
test  books  see.  lor  example  Kej  2a  The  cntirotv 
of  chemical  reactions  is  limited  to  two  basic  classes 
1  Simple  biiuolecul.il  reactions  such  as  described 
In  the  potential  surface  m  Fig  I  n  and  2  simple 
iiiiiiiioleciil.il  reactions  such  as  described  In  the 
|  h  itc-i  it  ml  surface  ill  Fig  hie 

The  1  urner  could  lie  as  small  as  zero  and  often 
is  Heat  turns  that  follow  pathways  sm.li  as  deputed 
m  htn  1  l>  are  pressure  and  temperature  <K*pt' 1 1- 


K 


k 


I 


£ 

I 


REACTION  KINETICS 


(•)  Bimolecular 


(b)  Unemolecular 


(c)  Complex  (d)  Multichannel 

Fic.  1  Schematic  potential  energy  surfaces  for. 
(a>  simple  bimolecular  processes 
(b)  simple  unimolecular  processes 
(c>  complex  elementary  processes 
(d)  The  two  pathways  for  H  +  N20. 

dent,  and  depend  on  the  nature  of  the  colliding 
partners,  whereas  those  that  follow  potentials  of  the 
type  in  Fig  l(al  are  only  temperature  dependent. 
According  to  the  principle  of  detailed  balancing,  bi¬ 
molecular  processes  that  are  the  reverse  of  a  uni¬ 
molecular  decomposition  are  subject  to  exactly  the 
same  pressure  and  partner  dependence  The  com¬ 
plex  surfaces  (Figs  l(c>  and  lid"  are  combinations 
of  the  simple  surfaces  and  are  discussed  later  in  this 
paper 

Simple  Bimolecular  Reactions 

In  TST  the  thermal  (canonical)  rate  constant  is 
expressed  in  terms  of  a  single  parameter.  AGt.  the 
fre  e  energy  difference  between  transition  state  and 
reactants  at  the  temperature  T  ikH  is  the  Boltz¬ 
mann  constant  and  h  is  Planck  s  constant  i 

k  T 

k  =  cxpi  -AGj/RT  ,1' 

h 

Choice  ol  units  for  k  implies  choice  of  standard  state 
for  AG]  ACj  is  a  function  of  temperature  This, 
along  with  the  explicit  first  power  of  T  in  the  tran¬ 
sition  state  formula,  implies  that  oxer  an\  reason¬ 
able  temperature  range  the  rate  constant  should  be 
described  In  at  least  three  parameters 

k  =  ATh  expi  -C/T  '2' 

It  is  clear  that  these  parameters  max  lie  under¬ 


stood  in  terms  of  molecular  models  for  reactant  and 
transition  state  and  the  nature  of  breaking  and 
forming  bonds,  thus,  the  parameters  arc  subject  to 
evaluative  criteria  beyond  the  bounds  of  anx  par¬ 
ticular  experiment  Furthermore,  physically  reason¬ 
able  parameters  should  enable  rate  constants  to  be 
extrapolated  beyond  the  measured  temperature 
range. 

The  parameters  most  easily  subject  to  evaluative 
criteria  arc  A  and  B  which  are  related  to  AS-  itho 
entropy  of  activation'  and  AC,,  (the  heat  capacity  of 
activation)  and  thus  to  reactant  and  transition  state 
structure  The  parameter  C,  related  to  AH!  (the 
enthalpy  of  activation',  requires  potential  surface 
information,  but  can  often  be  judged  based  on 
comparison  of  similar  reactions 

As  has  been  stated  mans  times  previouslx,  the 
ab  initio  evaluation  of  AS1  requires  potential  sur¬ 
face  information,  but  limiting  ranges  can  be  de¬ 
duced  by  chemical  common  sense,  and  comparison 
of  homologous  series  forces  a  certain  order 
As  an  example,  consider  the  reaction 

Ot’P)  +  CH<  —  OH  +  CH,  i(3 

This  process  has  been  well  studied1  up  to  —  2(KH) 
K  from  —300  K  (Caution  should  be  exercised  con¬ 
cerning  results  from  the  low  temperature  experi¬ 
ments.  since  very  small  amounts  of  higher  hydro¬ 
carbon  impurities  would  consume  significant 
quantities  of  O-atoms.  I  This  process  has  also  been 
the  subject  of  analysis  by  transition  state  theory 2,1  1 
and  the  agreement  on  rate  constant  parameters  is 
universal: 


[fc/tdm3  mole" 


'  exp>  -3S-I0/T 


On  an  Arrhenius  plot  fin  k  \s  T"  this  expression 
produces  a  strongly  curved  line  that  yields  x allies 
of  k  at  2000  K  that  are  a  fac  tor  of  ten  higher  than 
would  haxe  I  teen  predicted  b\  vxtr.ijx  il.ition  of  a 
straight  line,  two-parameter.  Arrhenius  tit  to  the  data 
in  the  300  to  S00  K  range 

It  would  be  inconsistent  then  xxhen  considering 
the  reaction  Oi5P  (Nil,.  — •  (  dl-,  *  OH  to  use 
a  txx o-parameter  expression  determined  m  the  l"x\ 
temperature  range  Consistent  x  demands  that  a 
model  transition  state  be  described  based  to  sonic 
extent  on  ()  +  C.Ht.  which  xxhen  it  -  parameter' 
arc  fit  to  the  low  temperature  data  will  .iiitoiuuti 
call'  produce  a  cursed  Arrhenius  plot  that  should 
l«-  described  xxith  at  least  three  par. nuclei  s 

Of  course  in  a  p. utliul.it  model  slndx  the  oun 
puted  propertx  of  interest  max  not  In  -.enxitixe  to 
the  curvature  ill  th<  Arrhenius  plot  nt  .no  p.irtu 
1 1 1  a  r  rati  constant  Nevertheless  il  the  mode!  is  t , . 
be  extrapolated  to  a  different  probh  m  tin  tem 


x\xX*  X  s  x.^»A  x  •  x  *  x  ^  *4  Ss^x^x'x** 


V  V  V  V  <r.  f.  •  .  • 
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TABLE  1 

Arrhenius  parameters  for  H-atoin  abstraction  from  ethane" 


Set  1* 

Set  II1 

Reaction 

A 

B 

C 

A 

B 

C 

(a)  O  +  C2Hs  —  OH  +  CjH, 

1.82E10 

0 

3070 

1  5E10 

0 

3201 

(b)  HO  +  CsH6  —  H.O  +  C,H, 

6.31E10 

0 

1812 

8  7E6 

1  05 

911 

(c)  CH,  +  QHs  —  CH,  +  QH, 

5.5  Ell 

0 

10820 

5  5E-4 

4  0 

4167 

'l-nits  of  k  are  dm'  mole-1  s'1 


perature  dependences  of  the  rate  constants  should 
lie  consistent  with  what  is  understood  from  TST. 

Two  sets  of  bimolecular  rate  constant  parameters 
for  the  reactions  of  O-atom,  hydroxy)  radical  and 
methyl  radical  with  ethane  have  recently  been  tab¬ 
ulated  as  follows:  (There  arc  others  in  the  literature 
as  well.) 

The  rate  constants  one  calculates  from  each  of 
these  parameter  sets  agree  to  within  a  factor  of  two 
between  1000  and  2000  K.  However,  the  direction 
of  decrease  of  A-factors  in  parameter  set  I  is  in¬ 
verted  from  the  TST  prediction.  A-factors  should 
decrease  in  this  series  of  reactions  in  going  from 
the  atom  to  the  diatom  to  the  polyatomic  species 
because  the  loss  of  rotational  entropv  accompanying 
formation  of  the  series  of  transition  states  increases 
in  this  order.  There  are  mans  examples  in  the 
modeling  literature  where  relations  among  rate 
constant  parameters  of  bimolecular  reactions  are  in¬ 
consistent  with  simple  TST  constraints  In  most  cases 
where  these  constraints  hase  been  tested,  thes  have 
been  remarkably  useful  5 

Simple  L'ntrrwlecular  Reactions 

Reactions  that  follow  potential  enerzs  surfaces 
such  as  depicted  in  lib1  mas  lie  described  h\  the 
Lindemann  mechanism  s 

A  *  M  5t  A*  *  M  i 

- 1 

A*  — *  Products 

These  reactions  are  alwass  the  result  of  energs 
transfer  b\  collision  of  the  reactant  A  with  hath  zas 
M  step  I  and  -1  and  the  spontaneous  decom¬ 
position  of  the  energized  molecules  A* 

In  the  so-called  high  pressure  limit  the  uru- 
molecular  rate  constant  mas  lie  described  bs  TST 
in  the  same  manner  as  were  bimolecular  reactions 
values  of  the  A-factors  and  activation  enerzs  mas 
f>e  evaluated  bv  consideration  of  the  chanzes  that 
occur  upon  formation  of  the  transition  state  from 
'he  reactants  In  Zeneral  the  temperature  depen 
de-ice  of  the  rate  constant  mas  also  lie  represented 
bv  three  parameters  but  often  two  will  suffice  see 


Fig  2!  Reverse  bimolecular  association  processes 
may  alwass  be  computed  from  the  overall  equilib¬ 
rium  constant  Adequate  representation  of  the  tem¬ 
perature  dependence  of  the  equilibrium  constant 
will  usually  require  at  least  three  parameters  as  ACP 
for  the  reactions  is  not  usually  zero 

The  unimolecular  reactions  of  interest  mas  not 
be  at  their  "high  pressure  limits,'  because  spon¬ 
taneous  reaction  of  energized  reactant  process  2 
might  be  much  faster  than  the  collisional  energizing 
process,  thus,  at  lower  pressures  an  equilibrium 
population  would  not  be  maintained  Under  this 
condition  canonical  TST  does  not  appls  and  the  rate 
constant  for  unimolecular  dissociation  iand  the  re- 
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verse  bimolecular  association'  becomes  pressure  de¬ 
pendent  tfall-offV 

According  to  standard  unimolecular  rate  theory.6 
the  observable  rate  constant  lfcuni(T.M),  may  be 
evaluated  by  averaging  the  microcanonical  specific 
rate  of  spontaneous  decomposition  of  energized 
reactant.  ItiE1.  over  the  appropriate  non-equilib- 
num  distribution  function: 


r.M'  = 

Jo 


Jt(  E) 


to  +  k(E) 


B(E)dE  (6> 


The  effective  rate  of  strong  collisions  of  reactant 
with  bath  gas  is  denoted  by  oj,  and  B(E>  is  the  nor¬ 
malized  Boltzmann  distribution  of  reactant  The 
microcanonical  rate  constant,  k iE',  may  be  evalu¬ 
ated  quantum  statistically  (RRKM  theory  )  but  sim¬ 
pler  approximations  of  the  pressure  dependence  will 
usuallv  suffice  for  modeling  purposes  (see  below). 

In  Figure  3.  RRKM  calculated  "fall-off"  curves 
for  butane  and  octane  at  1000  K  are  compared  with 
the  Lindemann  fall-off  curve  The  Lindemann  fall- 
off  curve,  obtained  by  solution  of  the  three  differ¬ 
ential  rate  equations  of  the  Lindemann  mechanism, 
has  a  particularly  simple  form  explicit  in  pressure, 
viz 


k^'m‘nn/k*  =  a  t,/t0\ir 


iT) 


i 


Flo  1  (  Jimp jnvm  between  RRKM  tabulated  fail 
uH  and  Lindemann  tall  off  on  a  retimed  basis  re 
dm  H  pressure  -  P  =  it  M  k,  and  reduced  rate 
constant  1  t.  =  l  ,,  t.  \t  the  tenter  ot  the  fall 
>fl  P  -  I  t  e  o  y  jn,|  y  =  I,  y(-“» 
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sented  by  a  multiplicative  factor  i(S,  1  which  effec¬ 
tively  changes  the  A-factor  ) 

Troe‘  has  demonstrated  that  accurate  empirical 
relationships  between  the  Lindemann  and  actual  fall- 
off  curves  exist,  viz,, 


Cr'fT.MI  =  ktn"drm‘nna.M;  FiT.M  > 


(S' 


Troe  shows  that  the  "broadening  factor."  FiT.M'. 
may  be  written  in  a  variety  of  universal  forms  of 
varying  accuracy  ,  the  most  simple  of  which  is: 


log  FiT.M)  =  [1  -  (log  J^M/fU2]'1  log  FriT).  (9) 


In  all  of  Tree's  forms,  the  temperature  dependence 
of  FiT.M),  is  carried  entirely  by  FrfT).  the  broad¬ 
ening  factor  at  the  center  of  the  fall-off  i  Figure  3'. 

Figure  4  shows  Fr(T)  for  a  variety  of  fuel  pyroly¬ 
sis  reactions.  Fr(T)  may  be  adequately  described  by 
a  three  parameter  function,  viz  , 


FC(T)  =  aexpt-b/T'  +  expi-T/c' 


.10 


The  constants  k„  and  k,,  are  functions  only  of 
temperature  k„  M  and  k,  are  the  actual  values  of 
the  unimolecular  rate  constant  in  the  low-pressure 
M  — *  01  and  high-pressure  iM  — »  *'  limit.  The 
temperature  dependence  of  kc  and  L* .  shown  in 
Fig  2  for  a  vanetv  of  hvdrocarbon  fuel  pyrolysis 
reactions,  mav  lie  represented  adequatelv  by  three- 
parameter  expressions  of  the  same  form  as  has  been 
used  for  simple  bimolecular  reactions,  equation  i2). 
The  k„  values  plotted  in  Fig  2  are  strong  collision 
values  Weak  collisions  can  be  adequatelv  repre- 


This  is  slightly  different  from  that  suggested  by  Troe. 
In  the  limits  of  zero  or  infinite  temperature  or 
pressure,  all  unimolecular  reactions  approach  Lin¬ 
demann  behavior  and  Fr(T)  and  FiT.M'  approach 
unity. 

Values  of  the  broadening  factor  in  regimes  of 
pressure  and  temperature  relevant  to  combustion 
processes  (e  g..  1-atm  ( — - 103  pa'  and  1000  K  to  20(H) 
K'  are  unity  for  all  small  molecule  fuels  with  en¬ 
ergy  thresholds  around  420  kj  mol'1  le  g..  CH.,. 
NH],  CHvO'  because  unimolecular  pyrolysis  for 
these  small  molecules  ia  process  important  to  ini¬ 
tiation  of  combustion)  is  in  its  low  pressure  limit. 
fcun,  =  k„  M,  Figure  5  Py  rolysis  of  larger  molecule 
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500  1000  1500  2000  2500  3000 


T/K 

FlC.  5  The  pressure  at  the  fall-off  center,  P, ,  as 
a  function  of  temperature  for  sev  eral  fuel  pyrolysis 
reactions  and  the  "combustion  window."'  1-100  atm 
and  1000-2500  K.  Around  atmospheric  pressure, 
butane  and  larger  molecular  pyrolyze  near  their  high 
pressure  limit  and  methane  and  smaller  molecules 
pyrolyze  in  their  low  pressure  limit  (1  atm  —  103 
pa). 

fuels  (with  thresholds  around  320  kj/mor1.  e.g. , 
butane  and  larger  molecules)  also  have  unity  broad¬ 
ening  factors  because  kun,  =  kx.  At  atmospheric 
pressure  and  1500  K,  ethane  pyrolysis  is  at  the  cen¬ 
ter  of  the  fall-off,  and  its  center  broadening  factor, 
also  the  maximum  broadening  factor,  is  around  0.2. 

Thus,  it  seems  proper  to  take  into  account  our 
understanding  of  these  processes  by  tabulating  data 
for  modeling  purposes  to  be  consistent  with  Tree's 
expressions.  It  is  suggested  in  complete  analogy  to 
the  tabulation  of  pressure-dependent  association  re¬ 
actions  by  the  NASA  Stratospheric  Rate  Constant 
Evaluation  Panel,  that  for  a  given  reaction,  values 
of  the  two  sets  of  three  parameters  that  will  de¬ 
scribe  it*  and  k„ .  as  well  as  the  three  parameters 
that  are  defined  in  equation  (10).  be  tabulated  These 
nine  parameters  used  with  equations  (8i  and  (91  de¬ 
scribe  JtiM.T"'  for  the  process  well  enough  for  the 
modeling  exercise  It  must  be  reiterated  that  these 
formulae  allow  considerable  extrapolation  far  from 
the  reported  conditions 

Complex  Elementary  Processes 

In  its  simplified  form  a  chemical  mechanism  con¬ 
sists  of  a  number  of  sequential  and  consecutive  el¬ 
ementary  reactions  It  is  usual  to  treat  these  in¬ 
dependently  in  a  model,  describing  each  with  tiT’ 
or  kiM.T'  as  appropriate  (see  previous  discussion! 
There  are,  however,  some  oft -occurring  instances 
in  which  elementarv  reactions  cannot  lie  separated 
in  the  usual  way  Consider  the  reaction  proceeding 
along  the  surface  depicted  in  Fig  lie1  (The  bar¬ 


riers  may  be  as  low  as  zero  )  Such  a  surface  de¬ 
scribes  three  processes:  the  unimolecular  decom¬ 
position  of  substance  V  via  two  pathways,  the 
bimoleeular  reaction  of  A  and  B  to  form  C  and  D 
(and  possibly  Y),  or  the  reverse  bimoleeular  reac¬ 
tion.  In  each  case  different  non-thermal  energy  dis¬ 
tributions  (Chemical  Activation)  may  obtain  and 
simple  canonical  TST  may  be  not  applicable  How¬ 
ever,  if  the  pressure  is  sufficiently  high  so  that  sub¬ 
stance  Y  is  present  in  thermal  equilibrium,  the 
competing  unimolecular  processes 

y4a  +  b  ill! 

y4c  +  D  (12) 

may  be  separately  described  by  their  respective  ix 
values,  or  the  bimoleeular  process. 

A  B  -+  C  -»-  D.  (13' 

can  be  written  as  the  sum  of  the  two  reactions 

A  +  B  -*  Y  14 

Y  -+  C  D  1 15' 

It  is  important  to  recognize  that  these  simplifi¬ 
cations  do  not  apply  for  nonthermal  distributions 
where  the  lifetime  of  Y  is  pressure  dependent'*1*  In 
these  cases  the  rate  constants  kt,  k.  |.  and  k,  must 
be  specified  at  the  microcanon ical  level  and  the 
overall  rate  constant  and  branching  ratios  are  pres¬ 
sure  as  well  as  temperature  dependent  However, 
if  kz  <<  k |.  k/,,  will  lie  pressure  independent 
For  example,  for  the  overall  bimoleeular  reaction 
between  methvl  radicals 

CH-j  CH3  C:H-,  -  H.  16 

We  mav  depict  this  process  by  the  scheme 

CH,  +  CHt  si  C2Hh* 


C,Hh  —  (NH-,  f  H  .17 

The  rate  constant  for  H-atom  formation  mav 
be  written  6 


khi  I 

J  E1 

kiiE'tj.E)[l  -  il  -  p'  PmAi'E']  BiE'dE 
k]  i E '  +  ki iE'  +  0u) 

K  is  the  equilibrium  constant  tor  2C  H,  Cdk 
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and  p  is  the  probability  that  the  thermal  dissocia¬ 
tion  of  C2H6  will  produce  H-atoms. 

Under  conditions  where  k,( E)  <<  lt(El,  which 
apply  here  since  the  overall  process  is  -10  kj  mol-1 
endothermic,  p  =  0  and  at  all  pressures  k/,,  =  K„, 
Jt2.  Thus,  we  have  a  simple  means  of  evaluating 
experimental  determinations  of  1|„,  since  all  the 
appropriate  values  of  molecular  parameters  re¬ 
quired  to  calculate  Hr  ?  and  are  known  or  can 
be  easily  estimated. 

Production  of  H-atoms  by  the  methyl-methyl  re¬ 
action  has  been  advocated  as  an  important  contrib¬ 
utor  to  the  dominant  pathways  in  methane  com¬ 
bustion,  The  temperature  dependence  of  the  rate 
constant  used  in  current  modeling1  4  ( 10* 1  9  exp  - 
26.5/RT  dm3  mol"1  sec"1)  is  in  substantial  dis¬ 
agreement  with  the  value  =  10s  3  exp  - 

10  0/RT.  which  agrees  with  new  experimental  evi¬ 
dence.8  Thus,  although  the  absolute  value  of  the 
rate  of  the  methyl-methyl  reaction  currently  in  use 
is  correct  at  1000  K,  it  is  a  factor  of  16  too  large 
at  1500  K  and  64  too  large  at  2000  K.  The  conse¬ 
quences  of  this  observation  may  impact  strongly  on 
the  methane  combustion  model,  especially  at  higher 
temperatures,  where  initiation  and  H-atom  propa¬ 
gation  reactions  dominate  the  properties  of  the 
youngest  parts  of  a  flame. 

When  complex  surfaces,  such  as  depicted  in  Fig¬ 
ure  1(c)  give  rise  to  situations  in  which  i2( E)  *> 
ii(E),  the  overall  reaction  may  exhibit  pressure  as 
well  as  temperature  dependence.  The  temperature 
dependence  can  easily  give  rise  to  a  negative  ac¬ 
tivation  energy  if  the  ratio  ti(E)/t2(E)  increases  with 
temperature.  ^ 

Multi-Channel  Bimolecular  Processes-Branching 

The  potential  energy  surface  shown  in  Fig.  1(d) 
is  the  result  of  recent  state-of-the-art  theoretical 
calculation  for  the  H  +  N20  system9  and  exem¬ 
plifies  a  class  of  multi-channel  bimolecular  pro¬ 
cesses  with  branching  that  are  common  in  com¬ 
bustion  chemistry 

The  kinetics  of  the  overall  bimolecular  reactions, 
viz., 

H  +  N2O^OH  +  N2  (19) 

H  +  N20  — *  NH  +  NO  (20) 

may  be  deduced  through  analysis  of  the  unimolecu- 
lar  reactions  of  intermediate  HNNO 

Measures  of  the  branching  ratio,  R  = 
have  been  inferred  at  -2000  K  by  direct  obser¬ 
vation  of  laser  induced  fluorescence  from  HN  and 
OH  in  a  H2/N2()  flame  and  at  873  K  in  a  static- 
system.1"  The  weak  temperature  dependence  of 
R'Rjimik  ~  9  04  and  Rs*ik  ~  0.004)  yields  an  ap¬ 
parent  ac  tivation  energy  difference  of  only  about  30 


kj/inol"1,  less  than  half  the  difference  between  the 
critical  energy  thresholds  of  the  branches.  7)  kj / 
mol"1.  Figure  1(d). 

The  modeling  of  the  observation  of  the  very  weak 
temperature  dependence  of  branching  may  lie  car¬ 
ried  out  with  a  hindered  Gorin  model  transition 
state211  for  reaction  channel  3.  Properties  of  the 
hindered  Corin  model  have  been  studied  in  the 
past11  in  connection  with  radical-radical  recombi¬ 
nations  and  their  reverse  ummolecular  bond  scis¬ 
sion. 

It  has  been  customary  to  evaluate  the  effect  of 
momentum  conservation  constraints  by  use  of  the 
quasi-diatomic  model.8  Thus,  an  “effective"  poten¬ 
tial  energy  surface  may  Ire  defined  at  any  given 
temperature  which  conserves  the  overall  rotational 
quantum  number.  On  this  surface,  the  dissociation 
energy  of  HNNO  is  less  than  its  value  at  the  ab¬ 
solute  zero.  In  addition  to  this  temperature  depen¬ 
dent  centrifugal  energy  effect,  a  temperature  de¬ 
pendent  hindrance  parameter,  -ry  causes  the  en¬ 
tropy  of  the  transition  modes  in  the  hindered  Gorin 
model  to  decrease  with  temperature.11  In  this  case, 
the  transition  modes  are  the  two  overall  rotations 
in  the  separated  diatomics  which  become  hindered 
internal  rotors  in  the  activated  complex. 

The  empirical  Gorin  model  hindrance  parameter, 
is  defined  in  terms  of  a  ratio  of  A-factors.  AH/A  = 
<100  -  tiD/IOO,  where  Ah  and  A  are  A  factors  for 
the  hypothetical  high  pressure  unimolecular  reac¬ 
tion  for  the  hindered  and  unhindered  model,  re¬ 
spectively. 

In  the  case  of  the  Channel  3  reaction,  a  hin¬ 
drance  parameter  that  varies  between  84  and  99% 
(1000  K-2000  K)  has  been  required  to  fit  the  ob¬ 
served  branching  ratio,  ki,a/ki„i  The  radical-radi¬ 
cal  interactions  modeled  in  the  past  have  also  re¬ 
quired  values  between  85  and  99.5%  i220  K— 1200 
K).  Thus,  the  ideas  embraced  by  the  hindered  Gonn 
model,  with  An/A  ~  0.2  to  0.005.  are  appropriate 
for  description  of  reactions  involving  simple  bond 
fission.  The  consequence  of  using  of  the  hindered 
Gorin  model  to  predict  the  pressure  and  temper¬ 
ature  dependence  of  kh,  1  is  to  produce  a  nearlv 
pressure  independent  Arrhenius  plot  and  an  acti¬ 
vation  energy  and  A-factor  that  decrease  with  in¬ 
creasing  temperature  The  consequences  of  this  tor 
the  reverse  reaction  (-20)  is  the  prediction  of  a 
negative  activation  energy 

Conclusions 

This  work  describes  the  current  status  of  the 
overview  that  is  applicable  to  the  critical  evaluation 
of  chemical  rate  data  for  combustion  modeling 
Specifically; 

1  Simple  bimolecular  reactions  should  all  be 
tabulated  as  a  function  of  temperature  alone 
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Three  parameters  are  required,  and  the  pa¬ 
rameters  should  be  evaluated  keeping  in  mind 
the  relative  values  of  appropriate  physical 
quantities,  such  as  AS*.  AH5,  and  ACj, 

2.  Simple  unimolecuiar  reactions  should  be  tab¬ 
ulated  as  a  function  of  temperature  and  pres¬ 
sure.  It  is  convenient  to  characterize  the  tem¬ 
perature  dependence  of  lx>th  high  and  low 
pressure-limiting  rate  constants  by  three  pa¬ 
rameters.  The  fall-off  curve  can  then  be  re¬ 
produced  by  a  parameterization  that  requires 
three  additional  parameters 

3.  Complex  surfaces  must  be  recognized  and  ap¬ 
parent  bimolccular  processes  must  be  distin¬ 
guished  from  simple  bimolccular  processes  The 
possibilities  for  Imth  pressure  dependence  and 
negative  activation  energies  for  the  former  must 
be  accounted  for  correctly. 

4.  Discussion  of  the  important  problem  of  en¬ 
ergy  transfer  has  been  bypassed  Collisional 
rate  constants  and  their  temperature  depen¬ 
dences  must  Ik-  expressed  terms  of  the  aver¬ 
age  energy  transferred  per  collision.1"  In  gen¬ 
eral.  only  empirical  relationships  currently 
exist. 
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COMMENTS 


]  £  Dole,  L’nuersity  of  Toronto.  Canada  Dr 
Golden  has  quite  rightlv  stressed  that  one  must 
consider  possible  non-Arrhenius  effects  when 
choosing  values  of  rate  constants  for  modeling.  In¬ 
deed.  since  equilibrium  constants  in  general  do  not 
rigorouslv  obev  an  Arrhenius  type  of  temperature 
dependence,  the  existence  of  the  rate  quotient  lass 
kr/k,  =  alreads  demonstrates  that  at  least  half 
of  all  rate  constants  must  deviate  somewhat  from 
the  Arrhenius  law.  and  one  hopes  this  will  soon  be 
accepted  without  argument 

However  it  should  Ih*  emphasized  that  lifting  rate 


constants  to  the  modified  Arrhenius  form  AT' 
exp  i-E/RT'  does  not  necessariK  solve  the  problem 
of  extrapolation  outside  the  temperature  range  of 
measurement  L’nfortunatelv  the  exponent  h  is  it¬ 
self  in  principle  temperature  dependent  Using  the 
statistical  mechanical  form  ot  activated  complex  the 
ory  (ACT1  of  bimolecular  reactions,  and  neglecting 
quantum  tunneling  and  re-crossing  effects,  one  can 
show  from  rather  simple  considerations  about  num¬ 
bers  of  degrees  of  freedom  that  />  tends  to  the  value 
Ar  -  1/2  at  low  temperatures  where  vibrations 
are  onlv  weaklv  excited  and  t  3  -  Ar  /2  at  high 
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temperatures  where  the  vibrations  approach  clas¬ 
sical  behavior.  Here.  Ar  is  the  change  in  total  num¬ 
ber  of  rotations  (internal  and  external)  in  going  from 
reactants  to  complex.  For  example,  where  the  ac¬ 
tivated  complex  and  Isoth  of  the  reactant  species  are 
nonlinear.  Ar  =  -3.  and  b  varies  from  -2  to  +3 
with  increasing  temperature  The  thermodynamic 
form  of  ACT  which  Dr  Golden  uses  will  give  es¬ 
sentially  the  same  result,  but  I  feel  that  the  phys¬ 
ical  meaning  of  b  is  easier  to  understand  in  the  sta¬ 
tistical  mechanical  formulation  (I  cannot  agree  with 
the  statement  of  another  speaker  that  b  has  no 
physical  significance.) 

I  would  also  like  to  support  Dr.  Golden  s  re¬ 
marks  about  taking  into  account  all  reasonable  pos¬ 
sible  elementary  reactions  when  considering  mech¬ 
anism  The  temptation  to  use  only  the  minimum 
set  of  reactions  which  is  needed  to  explain  expen- 
mental  results  is  strong,  partly  because  it  is  usual 
in  science  to  use  minimum  explanations,  but  also 
because  it  reduces  the  chances  of  one  being  ac¬ 
cused  of  having  enough  non-fixed  parameters  to  fit 
the  proverbial  elephant!  However  there  is  a  very 
real  danger  of  creating  a  false  sense  of  security  about 
the  correctness  or  imiipieness  of  the  resulting  inter¬ 
pretation.  if  reactions  which  may  be  significant  are 
omitted 

Authors'  Reply  Professor  Dove  is.  of  course,  cor¬ 
rect  in  stating  that  "b"  is  temperature  dependent 
However,  for  most  situations,  the  range  he  cites  is 
much  too  great 

First  of  all.  let  me  define  some  terms  and  at  the 
same  time  point  out  that  I  don't  consider  that  there 
is  a  difference  between  the  "statistical  mechanical' 
and  "thermodynamic  forms  of  TST  given  the  di¬ 
rect  relationship  of  thermodynamic  quantities  to 
partition  functions  Since  thermodynamic  quantities 
are  usuallv  tabulated  for  standard  states  of  1  atm  at 
constant  pressure,  we  note  that,  if  for  a  simple  bi- 
molecular  reaction 

k/v on  '  tune  1  =  AT*  exp  i-E/RT\ 


then 

A  =  [R7,N„/iT„(AC;/R»]  exp  |i<ASV„)  -  <AC‘>>/R| 

b  =  i<ac;>  *  2R  /r  <ac;>  =  iac;,  -  ac;„,i/i 

All  standard  states  are  1  atm 

E  =  AH!,  -  <AC;>T,. 

For  the  reaction  A  B  — *  X1  we  i  an  define 
ArJ„  =  the  change  in  external  rotations  going  to  the 
transition  state  =  n!„,  =  n.\,  -  nj!„.  where  n.  .  -  tt 
of  external  rotations  for  species  i  A r‘„.  -  the  anal 
ogous  quan  t\  for  internal  rotations 
Then 
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ACp.  trans  =  -  -  R 

jgj 

AC‘.  ext  rot  =  Ari„  •  R 

©d 

R 

AC1,  int  rot  =  A r|„,  •  — 

at  high  temperature 

ji 

=  0 

at  low  temperature 

*, 1 V, 

w  -. 

AC!.,,  =  (5  -  A r|„t)  . 

R  at  high  temperature 

=  0 

Thus. 

at  low  temperature 

ACjlhigh  temp)  =  —  (5  +  A rj„  -  Arf,„) 

b  (high  temp)  =  -  (9  ♦  ArJ„  -  Ar;„, i 

R  , 

ACJ  (low  temp)  =  —  iAri„  -  o) 

-Vi 

aS* 

4 

b  (low  tempi  =  -  (A r’„,  -  1) 

Thus,  while  I  agree  with  Professor  Dove's  low-tem¬ 
perature  value  of  b.  I  don  t  agree  with  his  assess¬ 
ment  of  the  high-temperature  value  If  Ar,'„,  =  0  and 
ArJ,,  ■  -3.  we  would  get  the  same  limiting  values. 

ACj  (high  tempi  =  R.  b  dugh  temp'  =  3 
=  2  e.u 

AC;  dow  temp1  =  -4R.  b  ilow  temp'  =  -2 
=  -8  e.u. 

This  mav  be  compared  with  calculations  for  the  re¬ 
action  O  +  CH*  - •  [OH  *  CH,]1  *  OH  -r  CH,. 

where  AC^.  300  -  0  and  AQ.  1750  *  0  6  e  u 
Obviously,  ill  general,  over  reasonable  tempera¬ 
ture  ranges,  b  is  constant 


F  Kaufman .  L’niiersity  of  Pittsburgh.  CS.A 
il1  This  question  concerns  the  predictive  value  of 
theory  Even  for  the  simplest  atom  transfer  tight- 
transition-state  cases  there  is  the  difficulty  of  in¬ 
corporating  tunneling  effects  for  H-atom  transfer 
which  Cohen  does  empirically  by  fitting  experi¬ 
mental  values  near  300  K  and  using  the  theorv  onlv 
as  in  extrapolating  device 

(2)  For  pressure  effects  in  recombmation/disso- 
elation  reactions  Troes  fallofi  formulas  require  the 
know  ledge  of  both  the  low  and  high  pressure  limit 
rate  constants  which  are  usuallv  unavailable 

3'  For  reactions  going  through  hound  internie 


rate  constants  for  lse  in  modeling 
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diates  the  situation  is  usually  much  worse  yet.  be¬ 
cause  few  of  the  required  parameters  are  known  or 
can  be  estimated  from  first  principles. 

(4)  It  comes  down  to  the  fact  that  we  are  able  to 
rationalize  a  posteriori  but  not  predict  a  priori.  Per¬ 
haps  this  should  please  me  as  an  experimentalist, 
since  it  means  that,  when  all  is  said  and  done,  we 
need  to  measure  most  elementary  steps  in  the  ab¬ 
sence  of  reliable  theoretical  predictions. 

Authors'  Reply.  This  comment  is  best  addressed 
by  breaking  it  into  four  parts,  as  indicated: 

(1)  In  the  case  of  H-atom  metathesis  reactions, 
Cohen,1  Benson,2  Colden,2  and  others,2  have  shown 
that  extant  data  are  well  decribed  by  making  a  model 
of  a  fixed  transition  state  that  fits  the  data  at  300  K 
and  using  the  fore-ordained  statistical  thermody¬ 
namic  machinery  to  generate  rate  constants  up  to 
2000  K  Perhaps  this  is  a  fortunate  cancellation  of 
errors  due  to  tunneling,  recrossing,  and  variational 
effects,  and  the  key  questions  would  address  the 
consistency  with  which  one  may  expect  thermo¬ 
chemical  kinetics  methods  to  apply. 

It  seems  safe  to  use  the  simple  thermochemical 
kinetics  methods  to  extrapolate  metathesis  rate  data 
to  combustion  temperatures  It  would  also  appear 
to  be  quite  useful  to  employ  these  same  methods 
for  the  prediction  of  A-factors  and  activation  ener¬ 
gies  of  these  reactions. 

(2)  It  is  true  that  the  values  of  L,  and  t,  are  re¬ 
quired  to  use  Troe  s  formalism,  but  the  word  "un¬ 
available"  is  too  strong  The  ever-interacting  inter¬ 
play  of  theory  and  experiment  very  often  allows  the 
estimation  and  or  calculation  of  these  quantities 
within  bounds  fully  justified  by  the  sensitivity  of  the 
pressure-  and  temperature-dependent  rate  constant 
in  a  given  calculation  or  model 

(3)  Professor  Kaufman  is  correct  in  stating  that 
more  problems  exist  with  respect  to  reactions  that 
proceed  through  bound  intermediates.  However,  the 
situation  is  not  as  bleak  as  he  pictures  it  These 
processes  may  be  envisaged  from  the  point  of  view 
of  many  pathway  unimolecular  reactions.  As  in  (2) 
above,  we  may  estimate  many  of  the  transition  states 
from  the  current  state  of  knowledge. 

(4 1  This  statement  may  be  too  strong  We  can 
certainly  estimate  many  rate  constants  to  within 
useful  limits,  over  a  range  of  pressure  and  temper¬ 
ature  It  is  true  that  some  processes  for  which  nei¬ 
ther  good  numbers  nor  good  analogues  exist,  may 
fall  outside  of  these  limits. 

It  is  too  difficult  to  decide  whether  errors  in  in¬ 
dividual  rate  constants  yield  sufficiently  accurate 
predictive  combustion  models  Often  they  will,  but 
at  least  they  will  direct  experimentalists  towards 
meaningful  measurements  in  the  future 
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A.  Fontijn.  Rensselaer  Polytechnic  Institute,  C'SA. 
As  you  discussed,  many  combustion  reactions,  ob¬ 
served  over  wide  temperature  ranges  show  a  mild 
concave  upward  curvature  in  their  Arrhenius  plots, 
best  described  by  k( T)  =  AT"  exp  (-C/T).  You  also 
mentioned  some  exceptions  due  to  more  complex 
surfaces.  One  category  of  combustion  reactions,  i.e., 
oxidation  reactions  of  metal  atoms  and  metal  mon¬ 
oxide  radicals  seems  to  consistently  have  other  de¬ 
pendences  We  have  studied  a  nuinlier  ol  those  re¬ 
actions  over  wide  temperature  ranges  and  have  not 
yet  observed  any  to  have  a  clear  k( T)  =  AT"  exp 
(-C/T1  dependence  The  latest  example  obtained 
in  the  AlO  +  C02  reaction,  the  rate  coefficient  of 
which  has  no  measurable  T-dependence  from  450- 
1300  K.  apparently  due  to  formation  of  an  inter¬ 
mediate  complex,  which  dissociates  preferentially 
to  reactants. 

D.  Cal.  Central  Chemical  Research  Laboratory. 
Hungary  You  mentioned  at  the  end  of  your  lecture 
that  modeling  should  start  with  the  generation  of 
the  possible  mechanism.  We  have  shown — see  the 
poster — how  to  generate  it  by  combinatorial  meth¬ 
ods.  However,  we  suggest  that  followingly  it  is  ad¬ 
visable  to  reduce  it — before  putting  in  the  relevant 
rate  constants — by  objective  methods  ithermo- 
chemistrv.  complexity  factors  or  chemical  evi¬ 
dence)  As  a  next  step  the  main  thing  is  to  collect 
as  many  experimental  data  as  possible  and  defi¬ 
nitely  not  only  concentrate  vs  time  values  but 
eventually  rates  obtained  for  network  pathway  s. 

I  feel  that  sensitivity  analysis  cannot  be  avoided 
and  the  main  aim  should  be  to  obtain  a  main  con¬ 
tributory  mechanisms  yielding  a  key  which  rate 
constants  should  be  computed  with  the  utmost  care 

A.  Fontijn.  Rensselaer  Polytechnic  Institute.  I  SA 
Did  you  (mean  to1  imply  that  the  temperature  de¬ 
pendence  of  the  branching  ratio  of  the  H  *  NX) 
reaction  is  well  known1  I  did  not  think  it  was  Could 
you  comment  on  this? 

Authors  Reply  The  branching  ratio  of  the  H  * 
NjO  reaction  is  not  well  known,  but  there  are  mea¬ 
surements  at  2000  K  by  laser  induced  fluorescence 
and  at  873  K  in  a  static  system  These  are  refer¬ 
ences  10a  and  10b  in  the  paper 
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LASER-INDUCED  FLUORESCENCE  SPECTROSCOPY  OF  NCO  AND  NH2 
IN  ATMOSPHERIC  PRESSURE  FLAMES 

RICHARD  A  COPELAND,  DAVID  R  CROSLEY  and  CRECORY  P  SMITH 
Chemical  Physics  Laboratory 
SRI  International 
Menlo  Park,  California  9402 5 

Laser-induced  fluorescence  (LIF)  is  a  powerful  method  for  the  sensitive  detection  of  trace 
species  in  flames,  and  is  permitting  new  insight  into  the  detailed  mechanism  of  combustion 
chemistry  However.  LIF  has  been  applied  almost  exclusively  to  diatomic  radicals  whereas 
the  chemical  networks  contain  many  larger  species  whose  presence  can  signal  definite  me¬ 
chanistic  paths.  We  describe  here  a  comprehensive  survey  of  the  LIF  spectroscopy  of  the 
NCO  molecule  in  a  CH4/N.O  flame  and  the  NH:  molecule  in  NH,/N.O  and  NH,/0,  flames, 
all  burning  rich  at  atmospheric  pressure.  NCO  was  excited  in  the  B-X  and  A-X  systems  in 
the  ultraviolet  and  blue,  respectively,  the  latter  is  much  more  intense  and  can  be  more  easily 
made  free  of  strong  interfering  transitions  due  to  diatomics.  NH;  was  excited  in  the  A  -  X 
transition  Excitation  and  fluorescence  wavelengths  furthest  to  the  red  minimize  background 
interference  due  to  underlying,  unidentified  ahsoption  features  and  flame  emission.  Prescrip¬ 
tions  for  detecting  these  two  species  are  presented,  including  a  table  of  excitation  and  de¬ 
tection  wavelengths,  as  well  as  some  general  observations  on  experimental  teclmi<|ue  which 
should  be  useful  in  extending  flame  LIF  detection  to  other  triatoinic  and  larger  radicals 


Introduction 

Laser-induced  fluorescence  (LIF)1  is  the  member 
of  the  family  of  laser  spectroscopic  proh.  ,2  3  best 
suited  for  the  detection  of  trace  radical  species  in 
combustion  systems  It  possesses  high  sensitivity  and 
selectivity  coupled  with  spatial  and  temporal  reso¬ 
lution  and  a  non-intrusive  nature.  Such  information 
is  valuable  for  obtaining  qualitative  insight  into  the 
mechanisms  of  the  combustion  chemistry,  and  pro¬ 
vides  sensitive  data  for  comparison  with  quantita¬ 
tive  predictions  from  detailed  computer  models  of 
that  chemistry  in  simple  laboratory  flames. 

Consider  as  the  atomic  constituents  of  naturally 
occurring  fuels  H.  C.  N.  O  and  S.  All  of  these  at¬ 
oms  and  the  15  diatomic  molecules  formed  from- 
them  have  been  observed  by  LIF  in  low  pressure 
discharge  flows  or  static  cells,  and  two  of  the  atoms 
plus  ten  of  the  diatomics  have  been  detected  in 
flames  by  LIF  (for  the  atoms,  and  H:,  N2  and  CO 
one  must  use  two-photon  excitation  because  their 
first  absorption  bands  lie  in  the  vacuum  ultraviolet'. 
However,  only  a  few  of  these  diatomics  have  yet 
Ix'en  meaningfully  fit  into  chemical  kinetic  schemes, 
and  the  flame  chemistry  involves  many  larger  rad¬ 
icals  as  well 

Therefore  it  is  important  to  extend  LIF  flame 
detection  capability  to  larger  species.  Of  the  3-5 
triatomics  which  can  lie  formed  from  these  atoms 
inot  counting  the  chemically  and  spectroscopically 


distinct  isomers  such  as  CCN  and  CNC),  14  have 
been  observed  in  LIF  cells  or  flows  and  another  13 
are  definite  or  possible  candidates  on  spectroscopic- 
grounds.  However,  onlv  four  have  been  detected 
by  LIF  in  flames.  S03  and  SOf  have  been  de¬ 
tected  over  wide  wavelength  regions  but  in  each 
case  the  complexity  of  the  absorption  spectrum  and 
the  laser  wavelengths  and  bandwidth  used  resulted 
in  near-continuum-like  excitation  precluding  defin¬ 
itive  spectroscopic  assignment.  NCO1’  lias  been 
cleanly  excited  and  studied,  via  the  coincidental 
overlap  of  one  ol  its  absorption  lines  with  one  ol 
the  fixed-wavelength  lines  ol  an  Ar*  laser.  NIL. 
with  a  well-known  LIF  signature  under  low  pres¬ 
sure  conditions,  has  escaped  LIF  detection  in  at¬ 
mospheric  pressure  flames  in  previous  experiments 
in  this  lalioratory  as  well  as  elsewhere,  although  a 
recent  rcjiort  indicates  it  can  Ik-  excited  weakly  with 
the  frequency -doubled  line  ol  a  Nd.YAC  laser' 
However,  while  it  can  be  verv  convenient  such 
fixed-frequency  excitation  does  not  permit  optimi¬ 
zation  of  detection  under  a  variety  ol  conditions  in¬ 
cluding  potential  interfering  absorptions,  and  can¬ 
not  lie  relied  on  as  general  for  other  molecules  NIL 
has  also  been  detected  in  atmospheric  pressure 
flames  by  absorption  of  laser  radiation  dircctlv"  and 
upturn nusticallv but  these  methods  do  not  have 
the  pouitwi  ■  spatial  resolution  attribute  of  LIF 
We  have  performed  a  survey  of  the  LIF  spec¬ 
troscopy  of  the  NCO  and  NIC  molecules  m  at- 
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mospheric  pressure-  flames,  using  lasers  and  de¬ 
tection  systems  tunable  user  a  wide  range-  of 
wave-lengths  The  burners  and  gas  mixtures  were 
chosen  to  optimize  conditions  for  the  spectroscopic 
studies,  but  the  detection  strategies  developed  can 
be  later  used  on  burners  better  suited  for  obtaining 
profiles  for  comparison  with  theoretical  models. 

NCO  and  NH2  were  chosen  for  studs  for  two 
reasons.  One  is  the  existence  of  considerable  spec¬ 
troscopic  information  from  previous  studies,  both  in 
conventional  spectroscopy  and  L1F  experiments.  This 
has  not  only  facilitated  initial  detection  hut  also 
permitted  more  general  conclusions  and  extensive 
comparison.  (In  this  connection,  it  is  noteworthy  that 
all  the  species,  regardless  of  size,  which  have  been 
detected  by  L1F  were  first  studied  spectroscopi¬ 
cally  in  flame  or  plasma  discharge  emission  or  in 
flash  photolysis  absorption.)  On  the  other  hand,  the 
use  of  LIF  in  flames  has  provided  new  spectro¬ 
scopic  information  for  SCO  not  previously  attain¬ 
able.  as  described  below. 

The  other  reason  is  the  intrinsic  potential  im¬ 
portance  of  these  radicals  in  certain  combustion 
chemical  networks.  NCO  has  been  postulated  as  an 
intermediate  in  the  fonnation  of  NO,  from  fuel- 
nitrogen"  and  was  found  to  be  present  in  copious 
quantity  in  CH4/N20  flames.6  pertinent  to  nitra- 
mine  combustion.  NH2  has  been  suggested  as  an 
intermediate  in  the  production  of  prompt-NO12  and 
in  the  ammonia  de-NO,  process. 13 

We  present  here  a  description  of  our  experi¬ 
ments.  Because  of  the  large  amount  of  data  on  ex¬ 
citation  and  fluorescence  spectra  involved,  we  can 
include  only  a  condensed  version  of  the  results  We 
hope  that  this  will  serve  as  an  adequate  guide  to 
LIF  detection  of  these  two  species  in  combustion 
experiments  in  other  laboratories.  In  addition,  we 
plan  to  assemble  later  in  report  form 1 '  a  LIF 
spectroscopic  atlas  of  the  wavelength  regions  cov¬ 
ered  in  these  flames,  including  excitation  of  several 
diatomics  whose  fluorescence  must  Ik-  filtered  out 
We  include  some  general  observations  about  the 
experimental  technique  which  we  hope  will  prove 
useful  in  extension  of  LIF  detection  in  flames  to 
other  triatomics  and  larger  molecules. 


Experimental  Set-l'p 

Several  burners  were  tried:  a  McKenna  products 
porous  plug  burner,  a  small  flat  flame  burner  with 
1  mm  holes  in  the  surface,  a  glassblowing  torch, 
and  a  knife-edge  slot  burner  patterned  after  a  de¬ 
sign  explicit  for  laser  probing. 16  This  last  burner, 
which  presents  a  saddle-point -shaped  flame  and  easv 
laser  In-am  access  underneath  the  reaction  zone, 
proved  tl- ■  easiest  to  use  and  provided  the  largest 
signals  for  these  spectroscopic  experiments  The 
flames  were  run  rich,  so  as  to  vicld  larger  quan¬ 


tities  of  the  oxygen-p<x>r  or  oxygen-free  radicals  of 
interest.  The  relative  flow  rates  used  in  most  of  the 
experiments  were:  CH4:N20:N2  =  i. 0.3.5. 2.7, 
NHj:N20  =  5.3,  NH3.02  =  21. 

The  first  step  in  each  case  was  measurement  of 
the  emission  spectrum  of  each  flame.  In  addition 
to  the  spectroscopic  overview  provided,  this  served 
two  specific  purposes.  The  first  was  the  selection  of 
gas  mixtures  yielding  strong  radical  emission  ( the 
ground  and  excited  state  radical  concentrations  are 
not  necessarily  proportional  but  this  was  a  useful 
guide).  The  second  was  the  choice  of  detection 
wavelengths  minimizing  interference  and  noise  from 
flame  emission.  In  the  case  of  CH4/N20,  no  NCO 
emission  could  be-  seen  but  there  were  clearly  fa¬ 
vorable  regions  between  different  vibrational  se¬ 
quences  of  the  CH.  CN  and  C2  emission.  The  MI  ,/ 
N20  spectrum,  apparently  not  previously  de¬ 
scribed,  was  similar  to  that  of  the  NH-j/02  flame, 
and  consisted  of  OH,  NH  and  \H2  bands,  with  thc- 
NHi  about  half  as  strong,  compared  to  the  diatom- 
ics,  for  the  N20-bascd  flame  as  in  the  02-based 
flame.  Here,  the  potential  interference  is  NH2  it¬ 
self  (and  perhaps  unassignable  N02  underneath),  the 
spectra  suggest  it  is  minimized  as  one  operates  fur¬ 
thest  to  the  red. 

The  LIF  arrangement  was  standard,  with  the  laser 
beam  passing  through  the  movable  burner  and  the 
fluorescence  focussed  at  right  angles  onto  a  spec¬ 
trometer,  sometimes  filtered  with  colored  glass.  An 
NeC.  I -pi  i  in  pi -d  dvr  laser  with  typical  pulse  cneigv 
E,  =  3  mj.  bandwidth  AC\  =  0.3  cm"1  and  rep¬ 
etition  rate  r,  ~  100  Hz  was  used  lor  the  blue  A- 
X1  NCO  excitation,  and  a  Nil  YAG'-ptmiped  dvc  laser 
i r,  =  10  Hz’  was  used  in  the  luudamental  .  E,  = 
30  ill],  Ai-,  =  0.15  cm  '  lor  NIL  and  trequenev- 
dntihlcd  iF,  =  I  mj  Ac,  =  0.25  cm  1  lor  NCO 
B-\.  The  pulse  length  ot  each  laser  was  10  nsec, 
and  the  signals  followed  the  laser  m  time  A  0.35 
in  spectrometer  with  dis|x-rsion  22  A/ium  and  cooled 
EMI  9555  (,)  photomultiplier  were  used  lor  NC.'C) 
A-X.  the  slit  was  aligned  parallel  to  the  laser  beam 
A  0  75  m  spectrometer  ill  A/ min 1  and  uneooled 
955-5  or  red-sensitive  RCA  31034A  photomultiplier 
were  used  lor  NCO  B-.\  and  NIL  here  the  beam 
anil  slit  were  perpendicular 

The  photomultiplier  signal  was  amplified  a  factor 
of  100  using  a  Pacific  video  2A50  preamp  (.50  fl  in 
and  out)  and  fed  to  a  gated  boxcar  integrator  with 
a  20  nsec  gate.  This  mode  of  fast  pulse  operation 
was  alwavs  preferable  and  often  essential  to  maxi¬ 
mize  the  LIF  to  background  emission  ratio,  in  com¬ 
parison  with  higher  input  impedance  ie  g  .  I  MI! 
and  a  longer  gate  if  psec  Even  so.  care  had  to 
be  taken  0.  keep  the  photomultiplier  operating 
voltage  low  enough  that  the  tube  did  not  saturate 
under  the  continuous  flame  emission  current  An 
oscilloscope  proved  useful  for  signal  searching  and 
monitoring  The  boxcar  output  was  then  fed  to  a 
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scanning  stripcharl  recorder  The  laser  beam  en¬ 
ergy  was  continually  monitored  in  a  second  boxcar 
channel. 

During  some  of  the  NH2  runs,  where  absorption 
due  to  unidentified  bands  and/or  other  species  ap¬ 
peared  present,  a  half-inch  microphone  was  mounted 
near  the  burner  to  optoaeoustically10  monitor  the 
total  absorption 

NCO  Radical 

The  NCO  LIF  spectrum  over  the  range  of  one 
laser  dye  is  illustrated  in  Figure  1.  The  top  two 
scans  are  noise-free  at  this  sensitivity,  and  concom¬ 
itant  excitation  of  CH.  CN  and  C2  in  this  region  is 
not  seen  due  to  the  choice  of  fluorescence  wave¬ 
length.  The  top  scan  shows  the  overall  pattern,  in- 
creasinglv  sharply  in  intensity  as  one  scans  to  shorter 
wavelengths  through  the  electronic  origin  t(XXMXX)i 
near  440  cm.  The  transition  from  (XXI  to  the  first 
allowed  excited  v  ibrational  level  ll(Xl>  of  A'i."  oc¬ 
curs  at  416  nm.  the  observed  fluorescence  tor  \  < 
437  nm  thus  is  hot  bands,  originating  from  vibra- 
tionaliy  excited  levels  in  the  ground  state  Because 
the  laser  power  is  beginning  to  drop  for  \  <  430 
nm,  the  bands  in  this  region  ap|XMr  much  less  in¬ 
tense  in  Fig.  1  than  they  actually  are 

A  4  nm  portion  showing  the  four  heads  of  the 
OtXMXX)  band  i  marked  In  arrows  i  as  well  as  other 
bands,  is  presented  in  the  middle  panel  In  turn, 
a  0  45  nm  section  of  this,  exhibiting  individual  ro¬ 
tational  lines  of  the  °P|2  satellite  branch,  is  given 
in  the  Ixittom  scan.  Interestingly,  the  °Pi2  head, 
which  occurs  for  J  near  70.  is  barely  discernablc  in 
room  temperature  flow  system  LIF  spectralh  isee 
Ref.  1  for  a  comparable  scan'  but  is  very  marked 
in  the  flame 

The  overall  excitation  spectrum  throughout  this 
region  is  clearly  congested  and  complex,  due  largelv 
to  the  significant  fractional  populations  in  vibration- 
ally  excited  levels  of  the  ground  state  at  flame  tem¬ 
peratures.  In  order  to  make  quantitative  measure¬ 
ments  of  SCO  concentrations  (even  relative1  it  is 
necessary  to  have  individual,  assigned  rotational  lines 
at  the  level  of  resolution  of  those  in  the  Ixittom  panel 
of  Fig  I.  due  to  the  variation  with  temperature  of 
population  in  a  given  i.  ]  level.  We  have  mapped 
a  portion  of  the  region  k  £  440  nm  but  have  con¬ 
centrated  our  attention  for  hot  flames  on  bands  to 
the  red,  involving  vibrationally  excited  levels  whose 
excitation  spectra  are  much  less  congested 

The  vibrational  level  structure  in  the  X.  A  and 
B  states  of  SCO  is  illustrated  in  Fig  2.  A  brief 
struc  tural  and  spectroscopic  description  of  SCO  fol¬ 
lows.  (Details  may  be  found  elsewhere  u  lfi  1S|  It 
is  a  linear  molecule  with  two  stretching  <  t ,  and  r-p 
and  one  degenerate  bending  vibration  (to  The 
electronic  orbital  angular  momentum  of  the  ground 
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Fic  1  LIF  scans  for  the  A-X  system  of  NCO  in 
a  CFL/N.-O  flame  Fluorescence  is  collected  at  463 
nm  with  a  4  nm  bandpass  Top  scan  total  excita¬ 
tion  spectrum  over  the  full  range  of  one  laser  dve 
(Coumarin  440',  not  normalized  to  laser  power 
Middle  4  nm  portion  covering  the  (XXJ-(KX)  band 
with  Q,.  P,.  P;  and  °P|;  heads  deft  to  right  marked 
by  arrows,  and  hot  bands  at  shorter  wavelengths 
Bottom  region  from  P..  to  'Pi;  head  0  45  mil 
showing  rotationally  resolved  P, ;  branch 

n  state  couples  with  the  vibrational  angular  mo¬ 
mentum  <  of  the  bend  if  =  t>.  m-2.  ig-4  0  or 
1  as  I;  is  even  or  odd.  yielding  a  total  angular  mo¬ 
mentum  K  exclusive  of  spin  The  states  of  different 
f  split  according  to  the  so-called  Rentier-Teller  in¬ 
teraction  This  yields  states  of  II  symmetry  lor  i  g 
=  0,  II  and  <t>  for  t :  =  2.  and  i.  and  A  tor  1 2  = 

I  The  spin  angular  momentum  of  tins  doublet  mol¬ 
ecule  then  interacts  to  produce  spm-orhit-split 
components  In  state  where  c:  =  0.  this  welds 
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Fig.  2.  Pertinent  vibrational  levels  of  the  B.  A  and 
X  states  of  NCO.  Note  the  break  in  the  energy  scale 
Levels  are  arranged  for  clarity  according  to  the  value 
of  tj.  Those  with  t2  =  0  have  *fl  symmetry  (Mlw2 
and  -nv0  in  the  X  and  B  states  and  'S'  in  the  A 
state  For  c;  =  1  in  X.  there  are  4  levels:  TU. 

and  ;A,.:  mot  separated  in  the  figure!,  and  J2‘ 
in  order  of  decreasing  energy  For  t,  =  2  in  X. 
there  are  also  4  levels  TU.  Aj>,  ,  and  and  ;fl'. 
In  the  A  state.  t2  =  1  has  ;n  symmetry  and  t.  = 
2  has  "2'.  *2  and  M.  all  close  together 


-II,,,  and  2H,,,  components  like  those  in  OH  In 
the  transition  to  the  upper  A‘2‘  state  the  -fl,/, 
spin-orbit  component  yields  four  discernible  rota¬ 
tional  branches.  °P|,.  P,  +  PQ|>.  Q;  +  VR|,  and 
R,  with  two  heads,  the  "II,/,  component  has  the 
P|.  y,  +  VP,|.  R|  +  h(^2i  and  SH;,  branches  with 
two  heads  Isee  Figs  1  and  3).  Transitions  originat¬ 
ing  from  the  2  levels  where  t,  =  1  have  only  P 
and  R  branches,  two  heads  arising  from  excitation 
out  ot  the  higher  2  level  (labelled  k'2~>  arc  seen 
in  Fig  3  Transitions  from  higher  1.  fl  and  ^  lev¬ 
els  have  also  been  observed  but  will  not  be  de- 
serilied  here. 

Figure  3  exhibits  an  excitation  scan  of  the  OtK) 
•—  100  band  which  appears  the  most  convenient  for 
flame  diagnostic  measurements  Individual  lines  of 
this  and  ot  other  bands  were  readilv  assigned  from 
the  (KKMHK)  absorption  spectra  of  Dixon.  The  R, 
and  branches  at  466  nm  arc  the  best  individ¬ 
ual  resolved  for  quantitative  measurements  whereas 
the  intense  P:  head  is  the  best  for  signal  searching. 


Fig.  3.  Excitation  scan  for  NCO.  detecting  at  440 
nm  with  4  nm  bandpass,  through  the  red  end  ol 
the  000-100  band  The  two  heads  of  the  010  •—  110 
ic’S  transition  are  also  marked 

Line  strengths14  may  be  calculated  from  standard 
diatomic-like  formulae  Radiative  lifetimes 

and  Franck-Condon  factors,  needed  for  vibrational 
band  intensities,  have  been  separately  measured. 

The  excitation  scan  of  Fig.  3  was  made  with  a 
monochromator  bandpass  of  4  mil  centered  oil  tile 
000  — *  (KM)  emission  at  440  nm  This  relatively  nar¬ 
row  bandpass  is  needed  to  filter  out  flame  emission 
and  strong  fluorescence  from  laser-excited  C,  in  this 
same  region.  The  need  for  careful  setting  of  the 
monochromator,  and  the  dual  selectivity  of  L1F  with 
variable  excitation  and  detection  wavelengths,  is 
shown  in  Fig.  4.  The  bottom  scan  shows  the  P,  and 
Qi  heads,  plus  R,  and  'R,,  lines  of  the  (KK)  «—  (Mil 
band  observed  via  CKK)  — *  (KM)  emission  When  the 
monochromator  is  tuned  to  the  010  — »  010  emission 
band  only  5  nm  away,  the  001  excitation  greath 
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Fi(..  4  Excitation  scans  for  NCO  with  detection 
wavelengths  as  marked  and  4  run  bandpass  show¬ 
ing  the  difference  depending  on  observation  region 
Bottom  (XK)  *—  (X)l  band  seen  observing  (KK)  — *  (KK) 
emission  P,  and  Q,  heads  plus  H,  and  'H:i  branches 
as  the  laser  uavelength  is  decreased  Top  tuning 
to  010  — ♦  010  emission  to  pick  out  010  *—  Oil  tran¬ 
sitions  originating  from  near  47S  5  nm  and  from 
\lv:  near  47S.2  nm  The  P!  head  dec  reases  less  than 
the  Q,  compared  to  the  bottom  scan  because  it  oc¬ 
curs  at  higher  J  levels  which  emit  more  to  the  blur* 
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llwws  whereas  the  P,  and  Pi  heads  of  the  0 10 
*—  Oil  k'X~  transition  near  470. 5  nm.  and  the  OKI 
«—  Oil  *A-„i  eornponent  near  470.2  nm  stand  out 
(top  scan),  i Here,  the  P)  head  of  000  — ►  (Kll  is  still 
rather  apparent,  it  involves  high-J  levels  emitting 
Q  and  R  branches  at  shorter  wavelengths.1 

Table  1  lists  the  excitation  I  lands  which  have  been 
observed  for  the  A-X  svsteni  and  the  emission  bands 
furnishing  the  strongest  signals  free  of  interference 
from  am  diatomic  L1F  with  excitation  lines  in  the 
same  region 

Previous  conventional  room  temperature  absorp¬ 
tion  spectra1,  ls  originating  from  the  lowest  levels 
(000  and  OKI'  have  lieen  of  key  importance  en¬ 
abling  the  present  LIF  search.  However,  the  com¬ 
bination  ot  the  laser  excitation  and  flame  envi¬ 
ronment  has  also  furnished  new  high-resolution 
spectroscopic  information  in  excited  vibrational  lev¬ 
els  ol  X-n,  The  band-head  separations  Ps-Q,  de¬ 
pend  large!)  on  the  spin-orbit  splitting  constant  A 
whereas  the  °P,i-Pi  separation  furnishes  a  measure 
of  the  rotational  constant  B.  The  actual  wavelengths 
were  calibrated  hv  changing  the  observation  wave¬ 
length  so  as  to  excite  previously  measured  or  read- 
ilv  calculated  bands  of  CH.  CN  or  Q  in  the  same 
wavelength  region  of  the  laser  We  find  by  fitting 
the  band  heads  that  the  magnitude  of  A  (in  cm'1, 
with  tvpical  0.3  cm'  error'  decreases  with  t,  and 
increases  with  t-j  Aono  =  -95.6.  Aioo  =  -09  0. 


Afloi  =  -97.1.  Ami  =  —92.1  The  Renner-Teller 
splitting  also  varies  with  stretching  vibrations  To 
our  knowledge,  this  represents  the  largest  range  of 
vibrationalk-dependent  A-values  for  a  triatomic  A 
full  fit  and  the  results  will  be  separatelv  pub¬ 
lished,20  we  note  these  values  to  illustrate  the  spec¬ 
troscopic  potential  for  LIF  in  flames. 

The  B-X  system1'*  of  NCO  appears  attractive  tor 
diagnostic  purposes  due  to  the  shorter  lifetime  u! 
the  B'fl,  state'1  even  though  its  fluorescence  is 
spread  over  mans  bands11'  in  contrast  to  that  from 
the  A'X  state  which  is  concentrated  in  a  few  Scans 
through  the  (XXMXX)  band  near  31-5  nm  showed  it 
to  actuallv  be  decidedly  interior  to  A-X  The  B-X 
fluorescence  was  vers  weak  In  comparison  and  only 
the  R|  and  Rs  heads,  with  indefin.tc  J-v aluc-s.  could 
lx*  discerned  Within  the  15  nm  region  around  these 
heads  are  also  strongl)  interfering  excitations  in  the 
0.0  and  1.1  bands  oi  OH  A-X.  the  1.0  and  2.1  bands 
of  NH  A-X  and  a  band  ol  CX  B-X  We  recommend 
the  A-X  svsteni  lor  flame  diagnostic  purposes. 


NH2  Radical 

The  ground  X2B]  state  of  NHs  is  a  bent,  asv- 
metnc  top  with  an  angle  of  103s  while  the  A'Aj 
state  inav  be  described  as  linear,  corresponding  to 
a  fl  electronic  level  This  large  difference  in  oqui- 
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Excitation  and  fluorescence  wavelengths  imir 
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000  —  000 

440.35 
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0.10.0  —  (XXI 

571  0 

020  007  09" 

(XX)  —  1(X) 

400  42 

440  0 

090  —  (XXI 

597  9 
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40 1  09 
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0.11.0  —  Old 

591  0 
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49.5  00 
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007  2 

510 

(XXI  —  101 

511.71 

4.37  5 

000  —  (XX) 

030  2 

095.774  790 

1)10  OKI  |i  i 

435.00 

402  5 

170  —  KKI 

051  2 
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OKI  «-  010  A 

437  50 

402  5 

0  11.0  —  HXI 

055  7 
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4.30  40 
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7  35  024 
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010  —  1 10  n  ’i 

400  01 
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010  —  1  10  K'i 
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010  —  01  1  111 

474  30 

435  0 

010  —  Oil  A 

477  .37 

435  0 

OKI  —  01  1  K-'i. 
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librium  geometries  leads  to  large  changes  in  the 
bending  quantum  t  »  for  intense  bands  t  j  most 
change  h\  two  units  due  to  symmetry  considera¬ 
tions,  leading  to  bands  which  would  fluoresce  too 
far  to  the  red  to  be  seen  here.  In  the  ground  state, 
the  rotational  levels  i ignoring  spin )  are  described 
b>  the  total  angular  meinentum  N  and  its  projec¬ 
tions.  k„  along  the  axis  parallel  to  the  H — N — H 
linear  axis  and  k,  perpendicular  to  the  molecular 
plane  In  the  excited  state.  k„  is  ias  in  \'ll  NC.O 
the  sum  of  one  unit  ol  electronic  orbital  angular 
momentum  plus  tile  vibrational  angular  momen¬ 
tum.  it  thus  takes  on  even  values  0.  2.  '  lor  odd 

t  d  and  odd  values  lor  even  i  s’  The  selection  rules 
are  Ak„  -  ±1.  and  Ak,  -  even  with  zero  the 
strongest  The  most  intense  features  are  the  p(,)|\ 
heads  of  the  so-called  1  bands  iodd  t2‘'  and  the 
rQo\  heads  of  the  0  bands  >even  ijN  These  pro¬ 
duce  3  and  4  emission  branches  respectivelv  Be¬ 
cause  ot  electronic  spin,  each  branch  is  double  and 
nuclear  spin  statistics  produce  a  1  3  population  ra¬ 
tio  in  alternate  ground  state  levels 

Figure  3  exhibits  the  vibrational  levels  pertinent 
to  flame  diagnostic  LIF  Tile  basic  speetrosi opic 
source  lor  NIG  is  the  absorption  studv  ol  Dressier 
and  Ramsav.”  and  there  are  several  useful  recent 
conventional  spectroscopic"  "and  flow  sv  stem  LIF"'4 
studies  The  emission  and  LIF  spectrum  extends 
throughout  the  entire  visible  region  with  a  maxi¬ 
mum  mtcnsitv  near  390  nm 


In  the  flames  studied,  the  absolute  Mb  signal 
level  has  liecn  adequate  but  major  noise  sources  are 
posed  bv  background  flame  emission  and  a  com¬ 
plex  thus  lar  unidentified.  LIF  excitation  spectrum 
(perhaps  \0_.  and/or  hot  bands  ot  Mb.  also  ob¬ 
served  optoacousticallv  i  underlying  the  assigned 
features.  Most  ol  our  effort  has  been  devoted  to  op¬ 
timizing  the  desired  signal  in  the  midst  of  tins 
background  Ol  course  in  other  flames  such  as  hy¬ 
drocarbon-air.  different  interference  problems  may 
be  present  Figure  6  shows  a  typical  excitation 
spectrum  and  a  scan  of  flame  emission  in  the  same 
band  Interference  from  flame  emission  can  be 
nimimi/cd  bv  using  narrow  temporal,  spatial  and 
wavelength  resolved  detection  ot  LIF  in  the  bauds 
further  to  the  red  Altogether  we  have  investigated 
S  excitation  bands  between  37(1  and  060  mil.  The 
most  intense  fluorescence,  about  2/3  ol  the  total, 
incurs  in  the  iqiM)  — ►  IKK)  band  in  each  case  the 
remainder  is  tvicallv  spread  over  the  terminal  \"Bj 
Olt)  100.  and  1)20  states  with  a  smaller  amount  in 
030  When  the  (  |i-0  «—  000  band  is  excited  ob¬ 
servation  in  the  same  band  requires  narrower  spec  - 
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Ironic-tor  slits  to  discriminate  against  tin  laser  scat¬ 
ter.  so  that  mils  one  ol  the  fluorescing  rotational 
branches  max  be  detected  at  one  time  Tlu  NIL 
ap(xars  not  to  undergo  significant  energs  transfer 
while  in  the  tip|H-r  state  lint  emits  prnnarils  from 
the  pumped  level  isee  In-line  Thus  the  coarse  ro¬ 
tational  structure  of  the  transition  means  that  K  or 
P  branch  fluorescence  following  (/excitation  will 
occur  at  different  wavelengths  lor  different  V  which 
would  require  an  impractical  scanning  ol  tin-  spec¬ 
trometer  together  with  the  laser  lor  an  excitation 
scan  This  phenomenon  was  observed  tor  (Ml  ex¬ 
citation 

The  underlving  background  LIF  and  total  ab¬ 
sorption  measured  optnaeousticallv  maki-s  it  inad¬ 
visable  to  obtain  flame  profiles  lor  ML  bs  siniplv 
parking  on  one  excitation  rattier  a  scan  through  the 
head  as  in  Fig  6  should  lie  made  at  each  position 
Generali),  observation  of  the  bands  at  wavelengths 
to  the  red  of  that  ol  the  laser  is  preferable  so  as 
to  reduce  flame  emission  interference  This  also 
permits  wider  slits  centered  on  a  (/head.  and  elim¬ 
inates  the  double-scanning  problem  noted  jIkivc 
Excitation  ol  i  p  -I)  from  Old  or  MMI  and  observation 
ol  fil'd)  — < >  (MM)  vields  comparable  intensities  to  the 
op|Xisite  scheme  but  flame  emission  is  worse  when 
observing  the  bands  at  shorter  wave-length  In  gen¬ 
eral  it  ap|K-ars  liest  to  Ixitli  excite  and  observe  as 
far  to  the  red  as  jxisible  to  avoid  the  background 
problems,  even  though  the  band  intensities  I  cocoon 
weaker  for  lower  in'  We  recommend  excitation  ol 
OMI  or  070  lor  flame  diagnostic  purposes 

Figure  7  exhibits  a  scan  ol  the  (170  — »  0|0  flu¬ 
orescence  following  070  *—  000  excitation  Here  tin- 
laser  pumps  overlap|X-d  lines  of  one  ol  each  doub¬ 
let  component  ol  the  i,,-,  and  5,,,  upper  state  levels 
It  can  be  seen  from  the  resolved  1  P ,  s  ,  branch 
that  on  I  x  the  pumped  levels  emit  The  lack  ol 
transfer  to  the  4, , 4  leve  l  is  a  sv  nmictrv  -forbidden 
eoilisioiial  propensit)"*  licit  transfer  to  tin  al¬ 
lowed  l,u  level  is  not  seen  either  A  similar  scan 
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Pic .  7  Fluorescence  scan  of  the  ()70-0|i)  n|  \|| 
hand  followim*  excitation  near  WiO  mn  in  the  <)7h 
(KM)  hand  The  laser  is  overlapping  one  <Joid»lef 
component  of  the  5.  i  hut 'it  i<  m  and  tin  othei 
component  ol  5. .  *—  3  in  that  hand  the  fhn» 
resceme  seen  here  consists  of  branches  n  *,uh 
level  \ote  the  .ihseme  of  s i t£t i if i<  ant  rotational  oi- 
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STATE-SPECIFIC  COLLISION  DYNAMICS  OF  OH  RADICALS  AND  N  ATOMS 


Richard  A.  Copeland,  David  R.  Crosley,  and  Jay  B.  Jeffries 
Molecular  Physics  Department,  SRI  International, 

Menlo  Park,  CA  94025 


ABSTRACT 

Open  shell  species,  with  a  variety  of  spectroscopically  acces¬ 
sible  quantum  states,  offer  opportunities  for  laser  generation  of 
nunequt librium  spatial  distributions  In  both  the  laboratory  (oij) 
and  molecular  (A-doublet)  frames.  In  addition,  laser  excitation 
can  also  select  the  relative  orientation  of  the  spin  and  orbital 
angular  momentum  In  these  systems.  The  quantum  state  distributions 
can  be  interrogated  by  a  delayed  second  laser  pulse  or  by  resolving 
the  polarization  and/or  wavelength  of  the  resulting  fluorescence. 

It  experiments  on  the  OH  radical,  we  have  observed  propensities  for 
retention  of  electronic  parity  and  spatial  orientation  during  rota- 
tlonally  Inelastic  collisions  of,  respectively,  the  X  rij  and  A  Z+ 
electronic  states.  In  nitrogen  atoms,  we  have  qualitatively  deter- 
ilned  the  magnitude  of  fine  structure,  a,  and  electronic  state 

2  2  4  o  J 

changing  collisions  In  the  2s  2p  3p  D  electronic  state. 

I NTRODUCTI ON 

Combining  Initial  quantum  state  selection  and  final  quantum 
•rate  resolution  In  an  experimental  technique  permits  a  detailed 
examination  of  the  state  specific  processes  which  occur  during  the 
collision  of  two  species.  Often  these  Interactions  are  extremely 
•fate  specific  and  show  surprising  mechanistic  selectivity  for  com¬ 
plex  molecular  and  atomic  collision  events.  Here,  we  describe 
three  different  experiments  recently  performed  In  our  laboratory 
which  examine  the  collision  dynamics  in  the  ground  and  first 

excited  (A22+)  state  of  OH  and  the  ^0°  state  (2s22p23p)  of  N  atoms. 

A -DOUBLET  PROPENSITIES  IN  OHfX2!^)  COLLISIONS  WI  TH  HjO 

Ooublet  pi  states  of  diatomic  radicals  possess  nearly  degene¬ 
rate  hut  spatially  distinct  A-doublet  electronic  states  having 
opposite  parity.  In  addition  to  the  angular  momenta  resulting  from 
rlertroT  orbital  notion,  spin  and  nuclear  rotation.  By  observing 
Tanges  In  the  electronic  parity  (e/f  states)  following  rotatlon- 
*  1 1  y  elastic  and  Inelastic  collisions,  we  gain  insight  Into  the 
p>--e".tlal  surfaces  Involved  In  the  Interaction. 
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Usinp  a  two-laser  Infrared  pump/tine-delayed  ultraviolet  probe 
technique,  we  examined  collisions  of  ground  state  0H(v-2)  with 
water  vapor.1  Although  the  e/f  pair  differs  in  energy  by  less  then 
0.25  cm-  ,  the  excitation  laser  bandwidth  and  the  characteristics 
of  the  A-X  electronic  transition  permits  selection  of  the  Initial 
e/f  s’ ite  and  Interrogation  of  the  final  e/f  state.  These  experi¬ 
ments  were  performed  at  0.14  Torr  of  H.,0  In  a  room  temperature  dis¬ 
charge  flow  cell.  For  the  lowest  rotational  level  In  the  3/2 
state,  clastic  fee  transfer  Is  one  third  to  one  half  of  the  total 
collision  removal  rate.  For  inelastic  collisions  to  the  next 
higher  rotational  level  f*f  Is  favored  over  f*e  by  a  factor  of  2.7. 

The  results  for  A-doublet  propensities  in  rotatlonally  Inelas¬ 
tic  collisions  are  perhaps  the  most  Interesting.  and  surprising  In 
that  the  OH-HjO  system  will  most  likely  form  a  hydrogen  bonded 
collision  complex.  Some  Indirect  experimental  evidence  for  the  com 
plex  Is  the  rapid  electronic  quenching  of  the  A^f+  state  of  OH  bv 
I^O.^  Hence,  one  might  expect  little  or  no  memory  of  the  initial 
state  In  this  strongly  Interacting  collision  system.  This  experi¬ 
ment  clearly  shows  that  even  In  systems  where  long  range 
dlpolc-dlpole  forces  dominate,  collision  processes  can  be  con¬ 
trolled  by  the  orientation  of  the  electronic  orbitals. 

POLARIZED  FLUORESCENCE  FROM  OH  IN  ATMOSPHERIC  PRESSURE  FRAMES 


Observation  of  alignment  effects  In  molecular  collisions  Is  not 
restricted  to  the  well  controlled  environment  of  a  low  pressure  cel; 
or  a  molecular  or  atomic  beam.  When  polarized  lasers  are  used  to 
examine  systems  at  atmospheric  pressure,  nonequilibrium  spatial 
dlsrrlbut lona  can  be  manifested  in  fluorescence  which  Is  signifi¬ 
cantly  polarized.  In  this  experiment  we  measured  the  polarization 
and  relative  magnitude  of  laser-induced  fluorescence  signals  gener¬ 
ated  by  a  polarized  laser  which  excites  molecules  to  the  A^'  +  stare 
of  OH  In  the  burnt  gases  of  an  atmospheric  pressure  methane  oxygen 
flame.1  The  extent  of  the  polarization  can  have  a  significant 
effect  on  the  quantitative  measurement  of  OH  In  systems  where 
collision  processes  dominate  (l.e.  flames  and  t  *  atmosphere). 

In  systems  at  atmospheric  pressure  collisions  occur  at  a  rate  of 
-10  ns  ,  suggesting  that  the  elastic  uepo 1  at  1 z ing  collisions  (’ 
conserving,  mj  changing)  might  totally  destroy  any  polarization 
effects  generated  By  the  nonequilibrium  mj  distribution  creitel  h\ 
the  laser.  However  the  important  quantity  Is  not  the  depolarizing 
rate  D  but  the  relative  probability  that  a  given  collision  wi 
lead  to  depolarization.  The  total  removal  rate  R,  which  include* 
electronic  quenching  plus  vibrational  snd  rotational  energy  trans¬ 
fer,  is  very  rapid  for  collisions  with  the  primary  combustion  pro¬ 
ducts  H2O  and  CC^.  If  R>D  polarized  emission  will  be  observed, 
however,  if  0>R  the  emission  will  be  unpolarlzed.  for  the  ini¬ 
tially  prepared  rotational  level  significant  po  1 « r  1  zar  1  -m  is  seen 
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by  wavelength  resolved  fluorescence  ecana  In  the  different  relative 
laser  and  detection  polarisations. 

While  quantitative  results  are  difficult  to  obtain  for  thla  cow- 

bust  Ion  system  several  Important  and  new  qualitative  features 
ewerged  from  this  Invest lgat Ion .  The  first  Is  the  similarity  In  the 

2  + 

magnitude  of  the  rates  R  and  D  for  OH(A  t  ,v-l)  resulting  In 
polarized  fluorescence  from  the  Initially  excited  rotational  level. 

A  surprising  result  was  the  polarization  of  the  fluorescence  from 
neighboring  rotational  levels  with  the  same  spin  component 

This  shows  that  rotatlonally  Inelastic  collisions  at  these 
relative  velocities  (~1500K)  prefer  a  retention  of  the  Wj  compo¬ 
nent.  Collisions  which  reorient  the  spin  *n<*  rotational 

angular  momentum,  however,  generate  no  observable  polarisation. 

These  experimental  observations  clearly  show  polarisation  of  the 
fluorescence  must  be  considered  when  making  absolute  concentration 
measurements  In  atmospheric  pressure  systems,  and  even  In  the  com¬ 
plex  environment  of  the  flame  the  state  specific  nature  of  the 
collision  dynamics  Is  Important. 

COLLISION  OYNAMCS  OF  NITROGEN  ATOMS 

In  atomic  systems  the  angular  momentum  J  Is  the  vector  sum  of  the 
y  r  b  1 1  a  1  angular  momentum  and  the  electron  spin.  Nitrogen  In  the 
"*T>°  state  has  four  distinct  fine  structure  components  corresponding 
to  total  angular  momentum  J-l/2,  1/2,  1/2  and  2/2.  Using  the  two 
photon  transition  at  -210  nm  we  excited  nitrogen  atoms  from  the 
ground  state  to  a  particular  J  component  of  the  ^D0  excited 
atete.  Ualng  the  wavelength,  polarization  and  time  dependence  of 
the  fluorescence  we  can  unravel  the  rates  snd  pathways  of  c.lllslo- 
nal  processes  In  this  highly  excited  atomic  species. 

From  the  time  dependence  of  the  fluorescence  we  obtained  the 

radiative  lifetime  of  the  excited  state  and  colllsloial  quenching 
rates.  he  and  were  the  rolltstor  partners  examined.  From  the 
pressure  dependence  of  t be  observed  fluorescence  derav  we  obtain  a 
radtatlve  lifetime  for  the  V'  state  of  N  of  ni,  and  a  col¬ 

lisions!  quenching  rate  for  N?  of  SMxl"'1’  rc^s'1  Independent  of 
the  fine  atructur*  c otsponen r.  He  does  not  significantly  remove  the 
ex.  1 1  e  1  stare  over  the  pressure  ra.  ge  of  1  to  1'  Tort. 

1  v'r  t  w  -  phot  on  e  xr  1  l  at  I  on  pro  e  i  a  r  r  e  ,i  f  es  n  m  -  e  q  o  1  M  br  1  urn  d  1  x  r  r  1  - 
but  Iris  In  the  magnet!,  sublevels  of  the  ex-  lie)  it  ate,  thus  gene- 
rflng  spatially  a'ls  ,'tjpl  polsrlre.l  f  lu  irest  enr  e  .  The  esltipm 


f’i>  1  •  •  1  r  i  a  1  1  y  excited  «t  n*  wit  p,,lirl/ed. 
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w  .  f  fine  s  r  r  t  u  r  •-  hanging  1  1  1  1  s  1  oil  s  f  ■>  t  He  ,  7  remove  a  1  • 

amhlg.l’les  In  t'e  fine  struct  ire  hanging  results  doe  i 
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Figure  l  shows  resolved  fluorescence  scsns  after  excitation  ot 
each  of  the  four  f »ne  structure  components  of  the  D  state  at  a 
fixed  pressure  of  and  He.  The  peaks  correspond  to  transitions 


between  different  fine  itruc- 
ture  components  of  the  “d°  and 

4 

P  states;  the  solid  line  Is  the 
best  fit  for  t  .e  four  '*0°  popu¬ 
lar  Ic  is  contributing  to  the  fluo¬ 
rescence.  Similar  lata  at  litfe- 
rent  pressures  ot  S-,  and  He  plus 
values  of  the  radiative  life¬ 
time  and  quenching  rates  yield 
s t at e- t o-s t a t e  fine  structure 
changing  collision  rates.  T‘- 1  s 
phase  of  the  Investigate  Is 

currently  underwav;  however, 
several  qualitative  features 
are  alreadv  apparent.  Wos’ 
Importantly,  ..J«l  transit!  *os 
o  e  c  u  r  s  t  co  I  {  !  i  a  -  •  I  faster  •  > 

those  wl*h  •  >7  and  I •  1  f  ir 

all  J.  The  1  '  2  •  1  ■  2  rate  Is  t‘e 
largest  of  all. 

These  preliminary  res  n’t  "■ 


*”*  * x  ’*  h  at  v«s  demonstrate  hie  nmbl 

Ing  Initial  Hate  selet*!  a"  t 

rtg  .  1  N  arum  f  1  -  jur  e  St  enc  e  s'  ans  final  state  res  ■!  it  hwi  .  a- 

reveal  the  detalia  >t  sts'e 
s  per  I  f  1  r  r  •>  1  1  1  a  1  on  a 
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ABSTRACT 

The  method  of  laser-induced  fluorescence  (LIF)  is 
a  highly  sensitive  and  selective  way  to  measure  trace 
species,  often  free  radicals,  which  are  intermediates  in 
the  chemistry  of  combustion.  Examples  of  the  molecules 
detected  in  flames  by  UF  a/e  OB  CH.  NH,  NS  and 
NCO.  In  this  paper  we  describe  the  LIF  method,  using 
as  examples  several  experiments  from  our  laboratory. 
Included  are  experiments  designed  to  develop  a  quanti¬ 
tative  data  base  for  LIF  detection,  performed  in  low 
pressure  flow  systems  and  in  flames.  Also  described  are 
measurements  in  flames  where  we  seek  to  detect  new 
chemical  intermediates  to  provide  insight  into  the  com¬ 
bustion  chemistry 

INTRODUCTION 

As  in  mans  technical  fields,  the  introduction  of  lasers 
into  combustion  research  has  led  to  information  not 
just  new  in  quality  hut  in  entirely  different  categories 
than  available  before  The  Tamils  of  laser  spectros  »pio 
probes  tor  combustion  I  includes  the  methods  ot 
spontaneous  and  coherent  Raman  scattering  and  laser- 
induced  fluorescence  (LIT)  Fach  provides  information 
on  specilk  molesuOr  species  which  are  present  in  the 
flame  system  The  Raman  techniques  are  generalls  ap 
plicable  to  'he  measurement  ot  parameters  ot  interest 
to  the  (low  dsnamicist  overall  denutv  temjsetature 
and  mole  tractions  ot  maior  <  »  0  5  mole  percent!  fuel 
oxidant  and  exhaust  gases  LII  is  ^est  used  tor  the  mej 
surernent  ot  irase  species  present  at  low  concentrations 
which  are  intermediates  in  t fie  combustion  chemistrv 
Through  knowledge  'i  those  in.errnediates  one  can 
understand  the  complicated  chemical  pathwavs  involved 
in  v ornhustion 

The  ultimate  goal  ol  these  Ilf  experiments  is  "he 
development  it  a  microscopic  understanding  >t  'ha' 
.hemistrs  at  a  leve  which  can  he  used  tor  predictive 
purposes  Such  a  letaiied  picture  >t  (tie  chemist's  is 
not  v  important  tor  knowledge  ot  tor  example  the 
■  v  e  •  a  1 1  ettkieiKV  >t  .ornhustion  whi,  h  in  pra,ti,  j 
sv  stems  is  otter'  .•  m' fluid  dvnanu,  .modea 
tionv  Rathet  the  hnm.j  details  are  ,ru,ia  t-  j  .le 
Sctiptron  ol  .eoju  important  individual  pncevse  i 
arming  they  are  'he  'oimatior  .it  pollutants  i\(i, 
SO,  vo.'ii  ignition  phenomena  ari  l  'lame  int'ihiti.m 

111  meavu'rmet"-.  app'  .ait  this  ohte.tivr  th-  ..jgl 
dete'minatior  0  rh>-  '-a.'-  vpe,  ie'  whkh  are  ihe  j"ie'v 
>'  ttia'  .  hemivfv  I  tie  ;n'  ematiiii,  an  '-e  .in-,:  u  Ju 
'erero  wave  li  j  - r a r, i,-  j.  ..ratios  flame  profiles  ' 
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intermediates  can  be  measured  as  a  function  of  height 
above  the  burner,  and  compared  with  detailed  computer 
models  of  the  chemistry  of  combustion  In  principle, 
one  could  compare  the  measurements  with  such  code 
predictions  so  as  to  quantitatively  establish  the  individual 
steps  in  the  chemical  mechanism.  In  practice,  the  rate 
constants  for  individual  chemical  reactions  within  such 
models  are  not  yet  well  enough  known  to  make  this 
feasible.  However,  that  situation  will  continually  improve 
as  the  appropriate  kinetics  research  continues,  its  em¬ 
phasis  guided  in  part  by  the  results  of  current  LIF  expe¬ 
riments 

Another  way  in  which  LIF  profiles  can  be  used  to 
obtain  insight  into  the  chemistry  n  o>  examination 
of  the  relative  rates  of  appeatar  .e  of  certain  radical 
species  For  example,  both  O'i  and  NH  radical,  are 
found  in  flames  of  CH*  burning  in  VO  Whether  OH 
precedes  NH  can  address  the  question  ot  the  models 
and  relative  rates  of  breakage  ot  the  Vn  vs  the  N-0 
bond  in  the  VO  LIF  may  be  used  in  an  even  simpler 
wav  in  order  it)  demonstrate  the  existence  ot  some 
radical  species  within  a  flame  Here  Imding  a  new  rjdival 
may  pose  questions  about  the  flame  chemistry  whkh 
had  not  been  previously  considered  Our  initial  finding 
2  ot  NH  in  the  CH4  VO  flames  wav  one  example 
experiments  in  which  we  discovered  VN  in  flames  wij .’ 
be  Jesciibed  in  detail  below 

In  this  paper  we  will  describe  laser  -  induce .  I  :'u.itev 
cerice  spev lroscupic  measurements  in  flames  using  ex 
amplev  Hum  our  own  abotatorv  to  poMtav  ihe  method 
We  emphasize  that  this  ar t k ie  i'  intended  to  he  n.uo ■  jt: ve 
and  does  no!  constitute  j  'eview  ot  Ihe  tieid  j'  a  whole 
for  mote  comprehensive  review  pape'v  w  :ete-  tire 

reader  to  the  articles  .itrd  m  Rei  as  we.,  a'  'he 

,o||e,tion  ol  pape's  in  Re!  I  Rep  reset  ■  j'  ;v  e  w  "x 

in  botl  development  and  application-  .'  Ill  ,  ,n  he 
I  'und  within  the  Oiagn-'vtk  Sessions  j'  'h.  j>'  I' 

national  SvinpoMun  ml  in  hjiti.ii  a 

nil  l  X  s  |  M  IN|||  I  II  '  .  I  I  i  >K  I  s,  i  Si  j  I  |  .  HNIi.ll  I 

li  'he  meili  -d  ■  ase-  md  .,e.:  1  .  .  i  as<- 

:s  '  urn  :  s.  ■  t  a '  ■! .  w  a  v  ■  .e  n,  ' '  ■  a  -  ,  t  "  ’ '  .1  1  ai  i  ’ 

s  ■*[' .  line  .'  v.  'I-  ■■  m-  .11  111  '  :  - '  1  '  * s-  ■  t  ’  - 

.  lie  ‘tie-  a*'v.  ” 1  1 1  -  .ave-  ;o  '  :  *'e  ■■■■  ■  e  t  sa’-'d 

i  ai  so.';  in'..a',>  -v  'ed  s'a'e  w '  ,  ’  i  '. 

i  '  i •  •  f e  - ,  e s  I  I  tie  'In  ■  es.  en  ■  p  t  ■  ■  •  ■  r  pe  ■ '  a|'  a  " 

spe.'  a  frde-ing  is  te'e'ed  w  :•!  i  ’  ■■  r  e 

wl-'se  •  1 1 '  p  1 1 '  toff's  'tie  III  .  I'lu  T  ,  |  *  i .  a  v  'I",  ,ase- 

i>  dire,  'e  !  -n 'tie  '1.0'  i  ■  ■  eta"  sar’  ;■  e  -v  -Ie n  >  and 
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Pif.  1:  Schematic  Mluttrairan  oi  a  taxi  vnducsd  fluoraacanca 
anparimant  m  a  >lam«  h«ra  thomn  ultng  wavelength* 
■uitabla  I  of  excitation  ot  the  NS  radical  In  thit  cax  an 
infrared  pump  laaar  INd:  v  AGI  at  a  fixed  wavelength  o* 
t  064  fjm  It  frequency  doubled  in  aootaasium  dihydrogen 
photon  ate  IKDPI  ciryttal  to  532nm  This  green  laaar 
radiation  it  then  uaad  to  pump  a  tunable  dye  laaar  which 
it  operated  near  572  me  Thu  it  alao  frequency  doubled, 
thit  time  into  the  ultraviolet  286  nml  It  in  turn 
undergoet  ttenulated  Ham  an  frequency  thiftmg  in  M2 
gat  producing  a  variety  of  wxvelengrht  The  tecond 
antittoket  thift  near  230  me  it  picked  off  by  a  priam 
and  directed  mto  the  flame  Fluoreacence  at  right  anglet 
it  1  iltered  through  a  monochromator  and  detected  with 
a  on  lomuitioie-  I  not  thowml  The  boiicar  integrator  it 
a  electronic  device  whoae  gated  amplifier  turni  on  only 
when  the  law  it  putted  greatly  reducing  sack  ground 
f  we  the  flame  A  computer  it  often  uaad  mtteed  of  a 
recorder  to  acquire  the  data  I  Reprinted  from  Ref  19  by 
per  mitt  ion  from  the  Com  bullion  tnttitutel 

the  fluorescence  it  collided  at  right  anjilr s  as  shown  it) 
the  dugran  ot  I  ig  I 

At  l he-  Utci  it  luned  ii  goes  in  and  oul  ot  resonance 
with  the  molecular  absorptions  so  that  the  fluorescence 
signal  is  produced  each  tune  a  match  occurs  Such  j 
so-called  excitation  scan  is  Schematically  depicted  in 
i  ,g  -  In  hig  1  it  shown  an  experimental  excitation 
\  .ii  here  the  laser  was  tuned  through  part  ot  the  ah 
sorption  spectrum  ot  one  particular  transition  ot  the 
(  H  molecule  present  in  the  reaction  /one  ot  a  (  H«  an 


flame  / 5/.  One  thus  obta  ns  a  record  of  the  absorption 
spectrum  of  the  molecule  in  question,  but  with  a  sig¬ 
nificant  difference  compared  with  conventional  absorp¬ 
tion  spectra.  In  L1F,  one  detects  a  positive  fluorescence 
signal  against  a  null  background.  This  contrasts  with 
the  small  dip  in  a  large  transmitted  beam  that  constitutes 
normal  absorption  measurements.  Thus  L1F  yields  very 
high  sensitivity;  total  absorptions  less  than  10"6  per  cm 
produce  strong  LIF  signals.  Molecular  concentrations 
in  the  ppb  to  ppm  region  can  be  readily  measured. 

LIF  possess  a  number  of  other  attributes  which  make 
it  useful  as  a  combustion  probe.  The  laser  can  be  focussed 
and  the  resulting  fluorescent  signal  in  t  rn  imaged  onto 
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EXIT  T  AT  ION  SCAN 

Fif  2  Di indicating  an  %tan  L  T  h*  late' 

•  1  tcrou  •  tenet  of  •b»orptK>n«  I  upward 

»rr  oml  W^pvff  any  leve»  *n  the  jpp#'  ttat*  it 

•  ■cited  fluoreiceoce  'flulh  (large  downywar  d  af'nwl  >\ 
collected  through  with  a  broadband  filter  and  detected 
Thu«  the  amiMad  'adtafton  it  uted  to  tentitively  meature 
the  abKi'Pfton  Ui+Clrurrt  #od  fhut  detect  the  Qround 
ttate  o*  the  radical  'Reprinted  borr.  Ret  7b  tn 
ptrmiiuop  tro<r>  the  Society  ot  Photo-Optical  Inttru 
maotatioo  ngmeert 
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tR2(N")  12 


6  5 


CH  B  2I  -  X2n  (0,0) 


Wavelength  ,  X  (nm) 

3:  Excitation  icon  through  a  aariet  of  rotationally  resolved  absorption  linas  of  one  vibrational  band  of  a  particular  electronic 
transition.  This  is  for  the  CH  radical  in  a  methane-air  flame  Fluoreicence  it  collected  with  a  monochromator  sei  to  view 
fluorescence  emitted  by  the  upper  state  at  a  wavelength  of  43S  nm  preprinted  from  Ret  5  by  permission  of  the  Optical  Society 
of  America!  . 


a  slit  oriented  perpendicular  to  the  beam,  thereby  pro 
viding  a  high  degree  of  spatial  resolution  Sample  volumes 
of  10  3  mm3  are  possible  although  I  mm3  is  more 
typical  Most  lasers  used  in  UK  studies  have  pulse  lengths 
of  10  ns,  single  shot  measurements  therefore  possess 
this  time  resolution  These  characteristics  are  important 
because  significant  gradients  exist  over  I  mm  spatial 
scales  in  atmospheric  pressure  (lames,  and.  in  turbulent 
flames,  conditions  change  over  time  periods  of  the  order 
of  a  few  us  Additionally.  LIF  is  nonmtrusive  that  is 
it  does  not  perturb  the  gas  flows  or  the  flame  chemistrs 
It  can  be  used  in  hostile  environments  where  a  physical 
probe  such  as  a  sampling  no/ale  or  thermocouple  would 
not  survive 

*e  have  already  seen  that  LIK  is  sensitive  it  is  also 
highly  selective  lor  small  molecules  that  have  well  delined 
spectroscopic  characteristics  The  typical  bandwidth 
lor  the  pulsed  tenable  lasers  used  lor  LIK  studies  is 
"  0  1  O  '  cm  1  comparable  to  Doppler  broadened 

linewidths  in  Harries  This  usually  permits  reads  die 
unction  between  dillerent  molecular  species  Howevei 
even  il  two  species  present  in  the  (lame  absorb  at  the 
same  wavelength  they  will  generally  tluore-  e  ai  different 
wavelengths  permitting  discrimination  by  tillering  or  the 
detected  emission 


LIF  is.  in  fact,  the  only  measurement  method  capable 
of  sensitive,  last,  spatially  resolved  measurements  on 
trace  chemical  intermediate  species  However  it  is  not 
general  as  is.  for  example  mass  spectroscopy  Its  use 
is  restricted  to  molecules  having  absorption  transitions 
at  wavelengths  accessible  to  available  lasers  With  pulsed 
lasers,  one  can  use  nonlinear  optica!  techniques  to  ire 
quency  double,  mix.  or  Raman  shitt  the  fundamental 
tunable  dye  laser  wavelength  In  our  laboratory  we 
use  these  methods  to  perlorm  III  expe'iment.  with 
tunable  radiation  over  the  range  I  s*U  to  1000  nm 

Fortunately  mans  combustion  intermediates  car  he 
made  to  fluoresce  A  list  ot  mans  ot  the  ’’ee  ’aduais 
important  in  combustion  chemistry  whict  are  dele. 'able 
with  LIF  is  given  -n  Table  I  (Sot  include,!  are  a  numbe' 
o'  metals  their  oxides  and  halides  otter  round  m 
[lames  through  seeding  no-  mans  laiee-  stable  .ug  mi, 
reaction  intermediates  spe.ies  sucf  as  uefone  aid 
aidehvdesi  The  atomic  species  listed  have  H  e,  longer 
wavelength  abso-ptions  m  t tie  vac.uiu  .id  jsioic'  i 
(lames  they  are  jc.essihie  witt  *w-<-pb- jhc, -tp'i  r 
n  a  phenomenon  mace  povuKie  h.  n.g'  JV  ,r 

tensity 

In  addition  U  pom  r  tie asn  1  e  rei  i ,  ad,,  a  e  ies 
l  l(  can  S  used  m  me  n «  di  ve-  ,  -i  .. 
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TABLE  1.  Molecules  (1-4  Atoms)  detectable  by  laser-induced 
fluorescence  which  are  intermediates  in  combustion 
chemistry 


Molecule 

Excitation 

wavelength  (nm) 

Molecule 

Excitation 

wevelength  (nm) 

H* 

206 

NCO* 

440 

c 

280 

HCO 

615 

0* 

226 

HNO* 

640 

N 

211 

NHj  * 

598 

s 

311 

Cj 

405 

OH* 

309 

C20 

665 

CH* 

413 

SjO 

340 

NH* 

336 

SOj* 

320 

SH* 

324 

NO  2  * 

590 

CN* 

388 

HSO 

585 

CO* 

280 

CSj 

320 

CS 

258 

CCN 

470 

NO* 

226 

HCCO 

310 

NS* 

231 

NO  j 

570 

SO* 

267 

C:h, 

238 

Si* 

308 

Ch20* 

320 

Cl- 

516 

An  Mien 

»«  denotes  thei  L 1 7 

detection 

n«  Dean  pe'to'med  n 

a  tiama 


(2D)  8  versions  producing  an  image  ol  the  udkal 

distribution  along  a  line  or  in  a  plane  through  the 
flame  In  the  2D  version  the  laser  is  trussed  into 
a  sheet  ol  ritliition  perhaps  0  2s  mm  thkk  uimp 
4  c>hnsiric4i  lens  The  lase*  ligh!  is  passed  through 
ihe  flame  everv  where  fhaf  the  chosen  raois.4  fxisi' 
in  the  flame  fluorescence  results  It  is  focused  at  'igl  * 
aii&ies  »nio  a  2l>vid»von  tube  sliding  an  insuptineous 
iniifie  of  the  moie^uUr  distribution  at  the  time  V 
v*vcurren».e  >»f  the  10  i\>  ase*  pulse  Sud*  imatfiiw  '"?j 
surements  are  utr’ui  t«»’  '.or’eutintf  the  divihuti  m 
ii'  ’apuVis  Mme-^arv  tnif  >\  >teno  siuh  a  'u'*u<tv’ 

*  her  .  i*nvJiti.»n>  i'  i  *ise?  p-ur-  .nantff  '  ip  u.f  • 

■  * rer  suw^ssoe  jse1  pu’^es 
The  L  IT  \i|tru  mfenxi’s  s  s  aiser  Ks 

s  BON,*; 


Mf'r  e;*ie\e,,*v  j  r  *  4pp4i'  .\*  r”**’-  ' 

%pe..f;v  ’  *he  ;'ji;.v.ci  espe-  i-  ?i  :a  %e\.i  I*  * 
i ? ' v  side'  'he  i  •  -uf,*e  P*  <h<.;  n<*  A\r  jr  '  v 

I'll*  '  wvbed  Ks  *f>e  etu  .  m>  ’.rtf  ' r  ,  ’(•(,•■  . 
'he  *■  ’f  »  ”  *»’  »’  1  jnv”-  \yi>  t  ’ *'r  p*  • 

.  p..e  v.’-.  And  44.1  ah  ’♦  r  a  ».  v 

,»  »hf  rs  •  i.  jrccir’i*  f  r  ‘  *p  v  Mi  r  jr  p:'r  -• 


grators  and  recorders.  All  of  these  parameters  can 
be  calibrated  separately  and  independently  A  useful 
way  to  calibrate  all  at  once  is  through  the  use  of  Ra 
man  scattering  of  laser  light  from  air  above  the  unlit 
burner. 

The  remainder  of  the  terms  in  Eq  ( 1 )  represent 
fundamental  characteristics  and  behavior  of  the  mole 
cule  under  study  and  its  flame  environment  B  is  the 
effective  Einstein  absorption  coefficient  (that  is.  line 
shape  effects  are  included  implicitly  >  and  I  the  laser 
intensity,  so  that  Bl  is  the  pumping  rate  (torn  the 
ground  to  the  excited  state  in  units  ot  s  1  Ng  is  the 
ground  state  concentration  in  molecules  .in*  and 
f  the  fraction  which  lesides  in  the  particular  absorbing 
level  with  internal  quantum  numbers  for  vibration 
(v)  and  rotation  (\)  and  perhaps  molecular  fine  stru. 
ture  Thus  BltN^  is  the  number  ot  excited  stare  m me 
cules  produced  per  cm'  pe-  second  A  is  the  firisteu 
emission  coefficient  is  1  i  and  0  t fie  tluores.en.e 
quantum  y  te Id 

In  general  the  ele.tr. mi. alls  ev.ited  m  de.-.e 
collisions  during  the  time  it  -esides  a  the  .-j\ 

hetore  it  radiates  at  the  rate  A  Tspi.a/is  ■< 
each  thousand  OH  molecule'  ex. nee  *n  a  a>c  i 
a  (fame  ai  i  atm  onls  one  wii.  err:'  a  pr>  ■  u  I'e 
rest  are  .olliviotuilx  removed  '  ’f'e  g1  "u*'  via 
i  quen.hed  i  bv  .oi.isions  }  o  ftt.v  •  •  a.  ’ :  -r  *  ■ 
emits  and  is  g'se"  Ks 

d  =  A  '  A  •  I,’  •  Pi 
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limits  of  th«  accuracy  attainable  with  L!h  measure 
ments  are  given  b>  the  state  ot  know ledge  of  the  ap 
propnate  collisional  parameters  A  recent  assessment 
9  ot  the  situation  for  the  diatoms.  hydrides  OH 
NH  and  CH  was  made  A  mosl  promising  conclusion 
was  reached  for  the  case  of  OH  at  least  in  flames  of 
methane  and  ammonia  burning  in  ossgen  knowledge 
ot  the  tempe-ature  and  initial  misme  ratv  shouic 
turnish  enough  mfo-mation  to  estimate  p  to  wtth.ir 
about  30"  in  tr.ose  situations  Howc.ei  toi  he  one 
hsdrides  land  all  other  molecules  goer  ;r  Ta^te 
there  is  available  n>  m'oTnatior  >r  ’he  ’e-’pe-a’afe 
dependence  s’ t  the  cue's. rung  .*  >ss  ej:rni  arc  -e". 
little  concerning  vacation  *1!*'  .  uiIiskt  pa’tne  f 
molecules  other  that-  OH  .*  g;s?r  'lar-e  .ore-  -r, 
.an  be  estimated  '  pe'h ars  a  ’as  to  -h*«e  •  *- 

simpes  t'om  fene-a  t’vwtejge  ••  •”  >*  ..  a  .  vs.  •  j 
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4.Y  4X'  440  4S0  460 


M  :?30  4.1 


%  fc  *#t  O'  Icr'l  *0'  A  X  *l#ct»On<  tr*ni,t.OT'  0< 

y\  '■  •  rn#%p  **4r^4  ^  'uO'fKt'K*  1%  coveted  it 
46b  ’oc^ofT  04^4  i^okvj  the  'eiat >ve  inr 

ooww  *o*‘  'a"9*  Top  »can:  the  full 

*»#r'  ,1^  »w-  •»*  '#9  0^  o»  the  dye  Middle: 

*  4  ro«4»  r*g  r*r  000*000  band  whose 

^  -K^  •  >>Mdi  «rt  'T\#rfc*d  W'Th  *"OWi  Bottom; 

e^'tv-  oerwe#''  *+>•  two  heads  at  (onge*  wavelength 
thow  'Mj  *h#  o»at  *©*"*•<  »v  resoived  op  12  branch  All  o*  The 
it*uctu*r  r  me  top  and  *^.ddie  panels  comprises  l«nes 
a^<i  cn  *uc*  at  see0  •*  the  lowest  (Reprinted 

•  :_»r~  B?1  ’0t»  oe»m,|i,o^-  o*  *he  Co">bult*on  Institute 

‘j.  •  ny  *he  northf-viii  nature  of  ordirwrx  light 

*•  >r  ’lames 

V  >nr  p*  *verJv  •  '  a*ge'  nuilcvules  the  excitation 
*pe."i  .an  become  naJ  more  vompie\  Fig  5  sho*s 
*r  %vipx  ir  the  N(  O  molecule  in  an  atmospheric 


pressure  CH4  N;0  flame  / 1 0/ .  In  this  case,  a  spectro¬ 
meter  filter  was  used  to  ensure  that  only  fluorescence 
from  NCO  was  observed;  strong  excitations  of  CH, 
CN  and  C;  also  occur  in  this  same  wavelength  region. 
The  upper  p*  -hows  data  from  an  excitation  scan 
over  the  en  ■  gam  region  of  a  particular  laser  dye. 
A  very  large  number  of  bands  are  seen,  with  consi¬ 
derable  blending  at  this  level  of  resolution.  If  we  scan 
over  a  smaller  region,  as  shown  in  the  middle  panel, 
the  four  heads  of  the  characteristic  (000-000)  band 
stand  more  clearly  The  bottom  panel  shows  a  yet 
smaller  portion  of  the  spectrum  (about  \°/c  of  the 
total  range  of  the  top  panel)  where  individual  rotational 
lines  (and  some  noise)  are  now  finally  evident.  These 
spectra  are  considerably  more  complex  than  those 
of  diatomics,  although  NCO  represents  the  next  simplest 
spectroscopic  case,  that  is.  a  linear  triatomic  radical, 
in  our  study  of  LIF  of  this  and  the  NHj  molecule 
in  flames  10.  we  concluded  that  the  most  definitive 
spectra  result  from  excitation  in  hot  bands,  that  is. 
those  less  congested  spectral  regions  to  the  red  where 
the  absorption  originates  from  elevated  vibrational 
levels  in  the  ground  electronic  state.  An  example  of 
such  a  simpler  band,  with  a  full  rotational  analysis, 
is  given  in  Fig  6.  In  this  study,  we  combined  the  high 
resolution  afforded  by  the  LIF  method  with  the  large 
number  of  vibrationally  and  rotationally  excited  levels 
accessible  in  the  hot  flame.  The  result  was  a  new  quan¬ 
titative  understanding  of  the  vibrational  level  depend¬ 
ence  of  the  molecular  fine  structure  (spin-orbit  splitting) 
in  a  linear  triatomic  radical  1 1 Thus,  flames  can 
be  used  lo  advance  laser  spectroscop>  as  well  as  the 
converse 

We  have  noted  that  it  may  be  necessary  to  discri¬ 
minate  between  two  absorbing  species  on  the  basts 
ot  the  fluorescence  spectra.  A  fluorescence  spectrum 
ts  obtained  by  tuning  the  laser  to  a  specific  excitation, 
then  keeping  its  wavelength  fixed  while  scanning  a 
monochromator  which  views  the  fluorescence  (see 
Fsg  7).  This  may  be  used  to  look  at  different  emission 
bands,  as  indicated  in  the  figure,  or  to  investigate  colli- 
sional  effects  (see  below  ). 

Figure  8  exhibits  fluorescence  scans  following  exci¬ 
tation  of  NCO  near  315  nm  (via  a  different  elections 
transition  than  that  in  Fig.  5)  In  the  lower  panel  is 
a  fluorescence  scan  showing  emission  to  various  ground 
state  vibrational  levels  (compare  with  Fig.  7).  performed 
12  in  a  low  pressure  discharge  flow  cell  experiment 
designed  to  isolate  NCO  for  study  In  the  top  panel 
is  shown  3  fluorescence  scan  in  an  atmospheric  pressure 
CHj  N:0  flame  13  Each  band  in  the  flame  spectrum 
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Fig.  6:  Fully  rotationally  resolved,  assigned  and  analyzed  band  of  NCO  in  the  CH4/N20  flame.  This  is  a  so-called  hot  band,  absorbed 
by  vibrationally  excited  molecules.  It  occurs  at  longer  wavelengths  than  the  bands  in  Fig.  5,  and  is  much  freer  of  congestion 
from  other  bands.  From  the  analysis  indicated  can  be  determined  spectroscopic  constants  for  this  linear  molecule  [Reprinted 
from  Ref.  11  by  permission  of  the  National  Research  Council  of  Canada] . 


7  Diagram  depicting  a  fluorescence  scan,  in  this  case  for  a 
<:oiiis«o"*tre«  situation  Here  the  laser  is  set  to  a  specific 
tfvaveiengm  (heavy  upward  arrow!  which  excites  one 
£>**'»*  tjiar  level  m  the  upper  state  The  monochromator 
%  nan^Kj  to  that  Muorescence  at  dif ferent  wavelengths 
<>w*ed  'downward  arrows)  Although  it  is  not 
••piK'tty  on  the  diagram  the  molecule  could 
Urn  >- P^ergy  tr  antler  to  one  or  more 

,{h>#*  state  t  It  so  th*s  could  also  be 
*>.+■**  '>*  ***•.»  ' Uj.jresLence  spectrum  Reprinted 
’•*'  ,*  *)  ,  \t—  of  Th#  $Ot«My  Qt  PhotO 

.  •  ,  .  /-  F  -«q 1 


is  broader,  due  to  a  different  spectral  resolution  used, 
but  the  pattern  is  clearly  recognizable.  Also  present 
is  fluorescence  from  OH  and  CN,  excited  simultaneously 
at  the  same  laser  wavelength.  Obviously,  one  would 
wish  to  look  at  the  201  or  102  band  to  obtain  the 
most  interference-free  spectrum  (in  actuality,  the 
A-X  system  shown  in  Figs.  5  and  6  is  generally  pre¬ 
ferable  to  NCO  detection).  Near  the  excitation  used 
in  Fig.  8  lies  a  region  where  a  single  laser  wavelength 
can  simultaneously  excite  / 1 3/  OH,  NH.  CH  and  CN; 
this  finding  opens  the  possibility  of  obtaining  simul¬ 
taneous.  instantaneou-  2D  images  of  each  of  these  ra¬ 
dicals. 

A  fluorescence  scan  can  also  be  used  to  examine 
the  effect  of  energy  transfer  collisions  upon  the  mole¬ 
cule  while  it  resides  within  the  electronically  excited 
state.  Fig.  9  shows  an  example,  from  a  study  of  rota¬ 
tional.  vibrational  and  electronic  energy  transfer  in 
the  CH  radical  in  atmospheric  pressure  flames  / 5/. 
In  this  case,  rotational  energy  transfer  is  illustrated 
The  particular  rotational  level  N  =  14  is  pumped  by 
the  laser  In  the  spectrally  resolved  R-branch  emission 
(see  Fig  9),  the  rotational  line  emitted  by  N  =  14 
is  much  larger  than  any  olhers  However,  transfer 
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Fig.  8:  Fluorescence  spectrum  of  the  NCO  molecule.  Here,  one  particular  level  is  excited  by  the  laser,  and  transitions  to  a  sar.es  o* 
lower  vibrational  levels  are  seen  as  the  monochromator  is  scanned.  Bottom;  fluorescence  scan  m  a  low-pressure  discharge  flow 
system,  in  which  only  NCO  can  be  seen.  The  numbering  corresponds  to  each  ground  state  vibrational  level  (v  jv  jv3l  which  it  the 
terminal  level  of  the  fluorescence  (compared  with  Fig.  7).  Top:  fluorescence  scan  in  an  atmospheric  pressure  (lame,  using  the 
same  excitation  wavelength.  By  its  characteristic  fluorescence  pattern  NCO  can  be  distinguished  even  though  there  are  here 
interferences  due  to  the  OH  and  CN  molecules  also.  The  use  of  the  wavelength  corresponding  to  either  the  201  or  the  102  band 
appear  the  best  for  detecting  NCO  among  these  interfering  species  [Reprinted  from  Ref  13  by  permission  o*  the  Combustion 
Institute] . 


has  occurred  to  other  rotational  levels,  as  shown  by  are  needed  for  quantitative  measurements  of  LIF  and 

the  existence  of  other  R-branch  lines.  The  population  chemiluminescence;  they  also  provide  interesting  lunda- 

distribution  in  the  excited  state  is  neither  thermal,  mental  information  on  molecular  collision  dynamics 

nor  does  it  reside  exclusively  in  the  laser-pumped 

level.  Rather,  the  distribution  reflects  a  competition  laboratory  STUDiKS  i  OR  Lit  dlvllopwknt 

between  rotational  energy  transfer  (which  drives  the 

distribution  toward  thermal  equilibrium)  and  quenching  Quantitative  measurements  of  combustion  reaction 

(which  removes  the  molecules  from  the  emitting  state  intermediates  using  LIF  require  knowledge  of  a  laige 

altogether).  Recall  also  that  the  emitting  CH  formed  number  of  spectroscopic  and  collistonal  parameters, 

from  the  chemiluminescent  reaction  was  not  describable  As  we  shall  see  in  the  next  section,  crude  estimates 

by  a  temperature  (Fig.  4).  This  is  because  the  nascent  can  in  many  cases  provide  very  useful  information. 


v 
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product  rotational  distribution  is  in  high-N  levels, 
which  do  not  thermalize  at  the  flame  gas  temperature 
due  to  this  same  competition.  In  our  energy  transfer 
study,  we  found  that  rotational  transfer  in  CH  occurred 
about  three  times  as  fast  as  quenching.  Such  studies 


A  A  -v  ■  -  •-*  • 


It  is  desirable,  however,  to  have  as  much  directly  mea¬ 
sured  information  as  possible.  This  is  especially  true 
in  the  case  of  the  more  frequently  studied,  important 
species  such  as  the  OH  radical  A  large  portion  of  the 
work  in  our  laboratory  is  directed  at  the  measurement 
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in  a  low-pressure  discharge  Mow  mirm  operated 
typicailv  berweer  <)  0 1  end  M/torr  depending  of 
the  experimenr  A  inn  ■  /wave  discharge  is  used  in 
pesduce  the  ’iJi.ii  isel*  x  vifrif  ,iecursor  which 
iliiuu|li  .  he  rnic  41  reaction  lonns  the  desired  mokcuk 
For  exampk  H  ♦  SO,  *  OH  ♦  NO  is  411  effioeni 
way  In  produce  1  diuml  radicals  lor  study  at  low 
pressure  Measurements  are  also  made  dually  in  llames 
end  in  our  laser -py roly sis  la*  1  fluorescence  (LPLFt 
system  14  The  LP  LP  facility  is  a  technique  which 
we  developed  using  rapid  mlrared  later  healing  ol 
a  ga*ous  vam pic  to  provide  a  controlled  environment 
at  elevated  temperature  iKCKj  I 40UK 1  Thu  permits 
the  vtudy  ot  radicals  undergoing  collisional  and  reactive 
proces*s  important  in  cornbusiion  but  without  the 
complexities  found  in  Hemet  due  to  the  occurrence  of 
transport  and  gat  dynamic  phenomena 

The  first  measurements  usually  made  are  excitation 
scan  studies  m  order  to  identify  the  species  unambi 
guously  Here,  LIF  work  relies  heavily  on  previous, 
classical  absorption  and  emission  spectroscopic  studies 
It  is  noteworthy  that  all  the  combustion  intermediates 
detectable  by  LIF  were  first  studied  by  chemists  and 
physicists  as  part  of  fundamental  spectroscopic  studies, 
not  by  the  user,  applications-oriented  community 
(Hence,  it  is  important  to  establish  a  coupling  between 
current  and  future  needs  on  the  one  hand  and  current 
and  likely  capabilities  on  the  other) 

The  excitation  scan  studies  furnish  both  line  posi¬ 
tions  (e  g..  Fig  6)  and  intensities,  from  knowledge 
of  appropriate  spectroscopic  parameters  one  can  cal¬ 
culate  line  strengths  needed  for  a  reduction  of  the 
spectral  intensities  to  populations  (Figs  3  and  4) 
Because  of  the  existence  of  numerous  hot  bands  under 
flame  conditions  (see  Fig.  5  for  NCO  spectra)  it  is 
essential  to  have  the  spectroscopic  information  well 
established  when  one  begins  a  search  for  a  given  radical 
under  actual  combustion  conditions. 

Fluorescence  scans  may  be  needed  for  identification 
of  the  species  in  the  presence  of  other  absorbers  as 
illustrated  in  the  upper  panel  of  Fig  8  They  are  also 
necessary  for  quantitative  measurements,  consider 
this  same  example  A  spectrometer  (or  filter)  would 
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■it  rtie  radiative  lifetime 


",  may  be  measured  undei  vers -low-pressure  .undi 
Hons  in  the  flow  svstem  A  pulsed  laser  evtites  the 
molecule  and  the  direct  time-dependent  de^av  *jt 
the  fluorescence  is  measured  bs  a  last-response  pholu 
multiplier  amplifier  and  data  acquisition  system  It 
one  adds  to  the  system  a  known  density  n,  of  some 
collider  gas  i>f  species  1  the  effective  observed  lifetime 
is  shortened  due  lo  quenching  collisions 


+  ko,n, 


where  k <j,  is  the  quenching  rale  constant  (units  dii  J 
s  1  )  for  collider  species  1  and  the  radical  under  study 
An  example  ot  a  series  ol  lifetimes  with  increasing 
coilidei  density  is  given  in  Fig  10  These  measurements 
1  5  were  made  at  room  temperature  in  a  flow  s\  stem 
In  the  flame  itself,  the  quenching  rate  0  is  given 
by  a  sum  of  all  these  bimoiecular  collision  rates  and 
the  densities  of  each  species 


0  =  I,  ky.n, 


To  be  applicable  to  flames,  one  must  thus  know  the 
temperature  dependence  ot  the  quenching  rate  con¬ 
stants  We  have  considered  this  by  comparison  ot  our 
room  temperature  OH  results  15  with  measurements 
on  the  same  radical  at  high  temperature  using  the  LP  LP 
apparatus  /  lb/ 

Several  interesting  and  surprising  features  have 
emerged  from  those  OH  studies  The  first  is  that  the 
rate  constants  are  large  and  decrease  with  increasing 
temperature,  showing  that  attractive  intermolecular 
forces  play  a  major  role  in  the  quenching  ot  OH  15, 
16/.  Secondly,  the  kg,  depend  markedly  on  the  rota¬ 
tional  level  of  the  excited  OH.  a  fact  suggestive  of 
some  very  unusual  molecular  collision  dynamics  15/. 
We  have  also  made  measurements  on  quenching  of 
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Fig.  •:  Fluoreecence  ipectrum  of  (ft*  CH  molecule  in  an 
atmotpfMric  preuur*  llama.  Hart,  the  N  -  14  level  of 
(ft*  upper  itata  it  pumped.  It  emitt  the  rotational  line 
R 1 13)  at  tftown.  Other  linet  are  evident  at  well, 
corrttponding  to  other  rotational  levelt  in  the  upper 
ttat*  (at  in  Fig.  7)  which  have  been  populated  by  energy 
trentfer  collitiont  with  the  flame  gatet.  The  upper  irate 
it  clearly  not  at  thermal  equilibrium  although  tome 
trentfer  hat  taken  place.  Each  upper  itate  level  alto 
emitt  in  the  tpactral  regions  marked  Q  and  P  but  those 
branches  are  not  resolved  with  the  monochromator  used 
here  (Reprinted  from  Ref.  5  by  permission  of  the 
Optical  Society  of  America] . 

NH  / 17/  and  CH  /1 8/  at  elevated  temperature.  Here, 
the  situation  is  quite  different  than  for  OH;  one  has 
neither  the  correlation  with  attractive  forces  seen 
for  OH  nor  the  same  kind  of  temperature  dependence. 
Thus  it  appears  that  each  molecule  must  be  studied 
separately;  there  are  at  this  time  too  many  unknowns 
to  develop  simple  scaling  relationships  from  one  radical 
to  another. 

Studies  of  energy  transfer  among  different  levels 
of  the  electronically  excited  state  are  also  of  importance 
in  establishing  quantitative  diagnostics.  An  example 
of  such  a  study  in  CH  in  flames  has  already  been  dis¬ 
cussed  (Fig.  9);  such  measurements  are  also  performed 
in  flow  systems  so  as  to  obtain  collider-specific  energy 
transfer  rate  constants. 


LIE  DETECTION  Of  A  NEW  SPECIES  THE  NS  RADICAL 

For  quantitative  measurements  of  radicals  using 
L1F,  several  spectroscopic  and  collisions)  parameters 
are  needed.  These  are  given  in  Eqs.  (1)  and  (2),  and 
their  determination  under  controlled-environment  con¬ 
ditions  has  been  discussed  in  the  preceding  section 
For  the  more  commonly  found  radicals  such  as  OH, 
the  measurement  of  these  parameters  is  necessary 
and  ongoing.  However,  for  nearly  all  other  species 
in  Table  1,  much  less  information  is  available.  We 
consider  here  a  case  in  which  we  needed  to  estimate 
many  of  the  needed  parameters,  but  nonetheless  were 
able  to  draw  some  very  interesting  new  conclusions 
concerning  detailed  combustion  chemistry.  This  study 
/ 1 9/,  in  which  the  NS  free  radical  was  observed  for 
the  first  time  in  flames,  represents  a  different  way 
to  use  L1F  trom  that  in  all  previous  combustion 
studies. 

The  NS  radical  had  never  before  been  observed 
in  flames  by  any  means,  and  had  seldom  been  con¬ 
sidered  a  potential  flame  intermediate.  Its  reaction 
rates  have  not  been  measured  under  any  conditions. 
We  wondered  whether  it  may  be  present  in  flames 
of  hydrocarbons  containing  fuel  sulfur  and  fuel  nitro¬ 
gen,  which  are  often  combined  in  various  coals.  If 
so,  it  could  be  a  link  between  NOx  and  SOx  production 
cycles. 

Our  studies  of  the  NS  radical,  which  had  not  pre¬ 
viously  been  detected  with  L1F  under  any  conditions, 
began  with  a  series  of  studies  in  a  flow  system  / 20/ 
as  described  in  the  preceding  section.  Measurements 
on  several  excited  states,  including  the  C:2*  and  B:n. 
were  made,  including  excitation  and  fluorescence 
scans  and  lifetime  studies.  An  excitation  scan  through 
one  vibrational  band  of  the  C-X  transition  near  230  nm 
is  shown  in  the  upper  panel  of  Fig.  11.  One  sees  in¬ 
dividual  rotational  lines  which  can  be  assigned  and 
analyzed;  the  four-headed  structure  is  familiar  for  the 
type  of  electronic  transition  involved. 

A  small  burner  was  then  positioned  in  place  of 
the  flow  system  and  used  to  bum  a  CH4/N20  mixture 
seeded  with  SF6.  The  laser  was  scanned  through  the 
same  wavelength  region.  The  result  is  shown  in  the 
lower  panel  of  Fig.  11.  We  can  conclude  unambigu¬ 
ously  that  we  see  here  the  same  molecule  examined 
under  controlled  conditions  in  the  flow  system;  the 
selectivity  of  L1F  is  clearly  demonstrated  in  this  com¬ 
parison.  There  are  more  individual  lines  in  the  flame 
study  because  the  temperature  is  higher,  leading  to 
a  significant  population  in  a  larger  number  of  rotational 
levels. 
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Fig.  10:  Fluornccnce  decay  lignals  of  the  OH  molecule  in  a 
room  temperature  low-preuure  discharge  flow  system 
experiment.  A  laser  with  a  pulse  length  of  10  ns  excites 
the  OH.  At  the  end  of  the  laser  pulse  the  OH  decays 
exponentially  with  a  characteristic  lifetime.  With  no 
added  gat.  the  decay  is  due  entirely  to  the  radiative  rate 
for  the  transition.  As  more  CCIjFj  is  added,  the  decay 
becomes  more  and  more  rapid  due  to  quenching 
collisions.  A  plot  of  the  decay  rate  vs.  quencher  density 
would  yield  the  rate  constant  kQ,  as  slope  and  the 
radiative  rate  1/rr  as  intercept,  as  indicated  in  Eq.  (4) 
[Reprinted  from  Ref.  15  by  permission  of  the  American 
Institute  of  Physics] . 


We  next  moved  to  a  simulated  coal  flame,  for  which 
we  used  methane  burning  in  oxygen,  seeded  with  NH3 
and  HjS  to  represent  fuel  nitrogen  and  sulfur.  The 
results  obtained  here  were  identical  to  those  in  the 
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Fig.  11:  Excitation  scans  of  tha  NS  molecule  Shown  is  the  0.0 
vibretionel  band  of  the  C2£+  -  XJII  electronic  transition 
near  231  nm.  The  four  prominent  bend  heads  are 
typical  for  this  type  of  electronic  transition;  and  many 
individual  rotationally  resolved  lines  can  be  teen  Top 
panel:  excitation  scan  where  the  NS  is  produced  in  a 
room  temperature,  low  pressure  microwave  discharge 
flow  system.  Bottom  panel:  excitation  scan  in  an 
atmospheric  pressure  CH^NjO  flame,  seeded  with  SF,,. 
Scant  in  CHV02  flames  seeded  with  NH3  and  HjS 
appear  identical.  It  is  clear  that  the  tame  molecule  is 
being  detected  in  both  cases.  In  the  flame,  there  exist 
more  individual  rotational  lines  because  higher-lying 
rotational  levels  contain  more  population  at  the  high 
flame  temperature  (Reprinted  from  Ref.  19  by  permis¬ 
sion  of  the  Combustion  Institute] . 

lower  part  of  Fig.  11.  Studies  were  made  in  a  variety 
of  flames  with  differing  amounts  of  seeding  of  the 
fuel  nitrogen  and  fuel  sulfur  simulants.  We  even  ob¬ 
served  NS  in  a  flame  of  pure  natural  gas  burning  in 
NjO;  here  the  sulfur  came  from  the  methyl  mercaptan 
added  by  the  utility  company  at  2  ppm  concentration, 
in  order  to  produce  a  detectable  odor  in  the  gas. 

Simply  finding  the  NS  molecule  already  raises  in¬ 
teresting  questions,  but  conclusions  concerning  its 
possible  role  in  NOx-SOx  interactions  might  be  pos¬ 
sible  if  we  had  some  uea  of  its  absolute  concentration 
in  the  flame.  As  indicated  by  Eqs.  (1 )  and  (2).  relating 
the  measured  signal  level  S  to  the  desired  ground  state 
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concentration  S,  require*  the  knowledge  < »t  i  large 
number  of  tpet.tr  on.  op  tv  and  voUmonil  ptrimeteis 
For  NS  it  wat  netettars  to  draw  on  thotr  previous 
meawremenls  whkh  are  available  but  alto  mike  mine 
estimates  baaed  on  analof>  with  other  molevule* 
The  procedure  and  our  choice*  are  dewnbed  in  detail 
m  Ref  1**  The  Finttet/i  A  coefficient  was  taken 
from  a  theoretical  quantum  chemical  calculation  it 
together  with  our  experimental  Franck -C  ondon  factor* 
and  calculated  line  strengths  furnished  an  abmrption 
coefficient  B  The  decay  of  the  (  !1*  »tate  ol  SS 
is  governed  by  prediuociation  whose  rate  P  wa*  taken 
from  magnetic  depolarization  (  Hanle  effect  !  mea 
aurementt  (the  effective  lifetime.  -  b  ns.  is  to<i  fast 
for  direct  measurement  with  our  electronics)  Ikith 
A  and  P.  $  can  be  calculated  if  the  quenching  rate 
Q  is  known  However,  quenching  of  the  C-state  has 
never  been  measured  We  estimated  individual  kg, 
by  analogy  with  previous  studies  on  NO  and  PO.  and 
our  measurements  on  the  B-state  of  NS  A  careful 
consideration  of  all  these  factors  led  to  an  estimate 
of  an  uncertainty  of  a  factor  of  three  in  the  resulting 
absolute  concentration 

How  good  is  a  measurement  to  within  a  factor 
of  three1  When  the  molecule  has  never  been  seen  be¬ 
fore  in  a  flame,  it  can  be  quite  revealing  For  example, 
in  some  flames,  the  steady-state  NS  concentration 
within  the  flame  zone  is  as  much  as  591  of  the  added 
sulfur.  This  means  that  a  very  large  fraction  of  the 
sulfur  is  being  processed  through  this  radical.  With 
this  information,  and  the  fact  that  the  NS  signal  dis¬ 
appeared  quickly  as  the  laser  was  moved  into  the  burnt 
gases,  we  deduced  that  the  NS  was  removed  by  a  re¬ 
actant  present  at  concentrations  of  at  least  a  few  tenths 
of  a  mole  percent.  It  was  produced  by  a  reaction  be¬ 
tween  some  radical  (present  at  10  ppm  or  more)  reacting 
with  a  stable  species  present  at  ~  0.1%  or  more. 

We  concluded  that  NS  may  be  an  important  reaction 
intermediate  in  the  reducing  atmosphere  of  rich  hydro¬ 
carbon  flames  containing  fuel  nitrogen  and  sulfur, 
and  that  it  may  play  a  major  role  in  NOx-SOx  inter¬ 
actions.  This  observation  of  its  presence  does  not  prove 
that  role,  but  certainly  further  studies  in  flames  and 
direct  measurement  of  its  reaction  rates  are  called 
for.  This  does  demonstrate  that,  even  in  the  absence 
of  a  full  set  of  analytical  parameters,  L1F  can  be  a 
powerful  tool  for  bringing  new  types  of  insight  into 
combustion  chemistry. 
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In  this  paper  *r  have  given  j  hue*  irurw 
method  ol  laser  induced  tluore*<.em  r  as  used  '•  m  b 
*!and  the  ihemistrs  <>t  ttimbusln m  III  is  seer  r- 
be  a  vers  sensitive  and  selective  mean*  ol  measuring 
tr»*e  chemical  re  a*  lion  intermediates  alt-  rdmy  a 
high  degree  ol  spatial  and  temporal  resolution  and  a 
numnirusive  nature 

Foi  highly  quantitative  studies  using  1  II  a  vane's 
of  spectroscopic  and  vullismnal  parameters  is  needed 
in  the  anal*  si  of  signal  levels  Ihese  sail  be  obtained 
through  separate  lahoratots  studies  in  low  pressure 
flow  systems,  a  laser  py  roly  sis  laser  fluores*ence  ss  stern 
or  in  flames  themselves  Such  measurements  are  Jearls 
warranted  lor  a  number  of  radisals  ineluding  the  im 
portant  OH  molecule,  which  is  the  subject  ol  mans 
LIF  combustion  measurements 

Even  when  these  parameters  are  not  available  how 
ever,  LIF  can  be  very  useful  The  only  requirement 
is  that  the  species  in  question  be  unambiguously  identi 
("table  :n  a  flame  system  An  example  was  given  ol 
the  first  detection  of  the  NS  radical  in  a  (lame,  and 
important  conclusions  were  reached  concerning  its 
participation  m  coal  flames  and  the  interaction  be 
tween  the  formation  of  NOx  and  SOx  in  such  Hanses 
Clearly,  both  quantitative  measurements  and  semi- 
quantitative  observation  of  flame  radicals  using  LIF 
will  greatly  add  to  our  knowledge  of  detailed  (lame 
chemistry  in  the  future 
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Radiative  lifetime  and  quenching  of  the  3 p*D°  state  of  atomic  nitrogen 

Richard  A  Copatand  Jay  8  Jaffrws.  Albert  P  Hickman,  and  David  R  Crostey 

Ckrmmil  Pkiytm  LjSrraior\  SMI  htitrnaiumol  Urnlo  Park  California 
i  Received  4  November  I486.  accepted  I  3  January  1987 ) 

The  radiative  lifetime  of  nitrogen  atomv  in  the  Jp  ‘D"  state  i'  determined  to  be  43  ♦  3  ns  and 
the  total  removal  rale  constants  from  the  excited  ip  *D"  state  of  nitrogen  atoms  are  me  lsured 
for  collisions  with  He.  Ne.  Ar,  Kr.  Xe,  and  N.  In  a  low  pressure  discharge  flow  reactor,  the 
ip  ' D  "  state  is  prepared  by  two-photon  excitation  from  the  *S"  ground  state  of  atomic 
nitrogen  Time-resolved  fluorescence  from  the  ip  *0°  —  3r  *P  transition  monitors  the  temporal 
evolution  of  the  population  in  the  ip  ' D  "  stale  As  the  rare  gases  become  heavier  with  a  more 
complex  electron  cloud,  the  quenching  rate  constants  increase  from  less  than  0  6  >  10  " 
cm's  1  for  He  to  a  value  of  6b  ±  12  •  10  "cm’s  1  for  Xe  Collision  mechanisms  which 
might  account  for  such  a  dramatic  increase  are  discussed 


I.  INTRODUCTION 

Colltsional  energy  transfer  involving  excited  atoms  with 
nonzero  spin  and  orbital  angular  momentum  is  a  fundamen¬ 
tally  interesting  and  often  studied  process.  The  collisions  of 
metastable  electronically  excited  atoms1  and  the  colltsional 
deactivation  of  highly  excited  Rydberg  atoms2  are  two  broad 
areas  where  a  significant  amount  of  data  is  available.  The 
Rydberg  atoms,  modeled  as  one  outer  electron  and  an  un¬ 
structured  core,  have  provided  information  to  test  the  theor¬ 
ies  of  electronic  energy  transfer.  The  quenching  of  high-lying 
Rydberg  levels  is  modeled'  by  the  interaction  of  the  excited 
electron  with  the  electron  cloud  of  the  collider  The  quench¬ 
ing  of  lower-lying  Rydberg  levels  is  better  explained  by  the 
interaction  of  the  tonic  core  with  the  collider.4 

The  quenching  cross  sections  of  metastable  electronic 
states  of  the  rare  gases  are  correlated5  with  a  mechanism 
dominated  by  long-range  forces.  A  similar  model  was  pro¬ 
posed*  for  electronically  excited  small  molecules  and  applied 
to  the  quenching  of  S02.  We  have  successfully  applied  this 
long-range  forces  picture  to  the  variation  of  the  quenching 
cross  section  with  temperature  for  the  quenching7-9  of 
OHM  21 *).  This  model  concentrates  on  the  collision  dy¬ 
namics  on  the  interaction  potential  of  the  initial  molecular 
state  and  does  not  include  the  state  mixing  required  for  the 
colliders  to  move  from  the  initial  to  final  electronic  states. 
On  the  other  hand,  state  mixing  is  thought  to  dominate  the 
deactivation  of  metastable  excited  oxygen  atoms.10  This 
quenching  cross  section  dramatically  increases  as  the  collid¬ 
ing  rare  gas  becomes  heavier,  a  result  similar  to  our  observa¬ 
tions  reported  here  for  /V(3 p*D°).  This  indicates  that  the 
quenching  process  can  be  quite  sensitive  to  the  coupling  with 
available  final  states. 

In  this  experiment,  we  measure  the  radiative  lifetime  of 
the  ip  *D ''  state  of  nitrogen  atoms  and  the  quenching  from 
that  state  by  collisions  with  rare  gas  atoms  and  nitrogen  mol¬ 
ecules.  Here  we  define  quenching  as  the  total  collisional  re¬ 
moval  from  the  entire  fine  structure  manifold  of  the  ip  *Dn 
state."  The  excited  nitrogen  is  prepared  by  two-photon  ab¬ 
sorption"  1  ‘  following  excitation,  the  temporal  evolution  of 
the  total  fluorescence  from  this  state  to  the  3r  *P  state  is 
monitored  From  the  pressure  dependence  of  the  fluores¬ 
cence  decay  we  obtain  the  collisional  quenching  rate  con¬ 


stant  k0  and  extract  the  thermally  averaged  cross  section. 
aQ  &  kv/{v),  where  (v)  is  the  average  relative  collision  ve¬ 
locity  The  quenching  cross  section  increases  by  more  than  a 
factor  of  250  as  the  rare  gas  collider  is  changed  from  He  to 
Xe.  We  compare  the  results  with  those  from  other  quenching 
measurements  on  electronically  excited  atoms  in  an  attempt 
to  determine  the  dominant  mechanism  of  the  quenching  col¬ 
lision.  A  model  which  considers  only  the  long  range  attrac¬ 
tive  interaction  of  the  collision  pair  yields  reasonable  cross 
sections  for  Xe  and  N2,  but  cannot  explain  the  large  vari¬ 
ation  in  cross  section  for  the  five  rare  gases.  Estimates  based 
on  a  two  state  excitation  transfer  mechanism  provide  cross 
sections  consistent  with  observations  for  Ar  and  Kr  col¬ 
liders.  This  mechanism  refines  the  collision  dynamics  on  the 
attractive  molecular  potential  curves  by  including  the  cou¬ 
pling  between  specific  initial  and  final  states.  In  He  and  Ne 
energetically  accessible  excited  states  are  not  available  and 
such  coupling  cannot  be  the  dominant  mechanism. 

II.  EXPERIMENTAL  APPROACH 

In  a  low  pressure  flow  reactor,  a  microwave  discharge 
through  either  pure  N2  or  a  rare  gas-N2  mixture  generates 
the  nitrogen  atoms.  The  neat  nitrogen  experiments,  used  to 
measure  the  radiative  lifetime  and  the  N:  collisional  quench¬ 
ing  rate  constant,  employ  pressures  between  0.15  and  1.3 
Torr.  For  the  mixed  gas  experiment,  N,  and  rare  gas  partial 
pressures  vary  from  0.05  to  0.2  Torr  and  0.3  to  4  Torr.  re¬ 
spectively.  Total  gas  pressure,  when  combined  with  mea¬ 
surements  of  mass  flow  of  each  species,  yields  the  partial 
pressures  of  each  component.  The  average  flow  velocity  for 
the  experiments  with  N;,  He,  and  Ar  colliders  is  -  3000  cm/ 
s,  and  for  the  other  rare  gas  experiments  is  —  200  cm/s.  In 
both  conditions,  the  excitation  laser  beam  intersects  the  flow 
—  50  cm  downstream  of  the  discharge.  At  this  distance  and 
these  flow  rates  any  complicating  effect  of  the  N  atom  pro¬ 
duction  method,  such  as  an  elevated  bulk  gas  temperature,  is 
insignificant  This  assumption  is  verified  by  measurements 
with  Ar;  the  temporal  evolution  of  the  fluorescence  at  con¬ 
stant  Ar  pressure  shows  no  dependence  on  the  flow  velocity 
between  200  and  3000  cm/s. 

References  12  and  13  contain  a  detailed  description  of 
the  two-photon  laser-mdueed  fluorest  ee  i  LIF  )  technique 
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FIG  I  Schematic  diagram  of  the  experiment  Intel  denotes  the  electronic 
states  and  wavelengths  involved  in  the  detection  scheme;  fine  structure 
splittings  are  too  small  to  show  on  this  scale. 


as  applied  to  nitrogen  atoms,  therefore  only  a  brief  descrip¬ 
tion  follows.  A  ground  state  nitrogen  atom  resonantly  ab¬ 
sorbs  two  ultraviolet  photons  (7~211  nm,  ~  10  ns  pulse 
length )  which  elevate  it  to  the  3 p  *D  0  state.  As  schematically 
illustrated  in  Fig.  1,  we  obtain  this  wavelength  light  by  first 
frequency  doubling  and  then  Raman  shifting  the  output  of  a 
tunable  Nd-Y  AG  pumped  dye  laser  operating  near  572  nm. 
A  Pellin-Broca  prism  separates  the  desired  third  anti-Stokes 
component  from  the  rest  of  the  Raman  shifted  beam,  and  a 
7.5  cm  focal  length  lens  focuses  the  2 1 1  nm  light  into  the  low 
pressure  flow  reactor.  The  spin-orbit  interaction  splits  the 
3 p  *D  0  state  into  four  levels  with  different  total  angular  mo¬ 
mentum;  the  magnitude  of  this  splitting  is  1 1 1  cm  _ '  between 
7=1/2  and  7  =  7/2.  Thus,  we  can  selectively  excite  each  of 
the  four  individual  spin  orbit  levels  of  the  3 p  *D°  state  by 
tuning  the  wavelength  of  the  ultraviolet  light. 

The  population  of  the  excited  N(3p  4Z)°)  is  monitored 
via  its  near  infrared  fluorescence  (  —  870  nm )  to  the  *P  state. 
A  red  sensitive  photomultiplier,  either  an  RCA  31034  or  a 
Hamamatsu  R666,  detects  the  fluorescence  perpendicular  to 
the  laser  beam.  A  long  wavelength  pass  colored  glass  filter 
(Schott  #RG-830)  and  an  interference  filter  centered  at 
870  nm  with  a  12  nm  bandwidth  isolate  the  fluorescence 
from  the  other  background  light.  The  bandwidth  is  suffi¬ 
ciently  broad  that  fluorescence  is  collected  from  all  the  spin- 
orbit  levels  of  the  3 p*D°  state,  i.e.,  from  the  one  initially 
excited  and  from  those  populated  by  collisional  energy 
transfer  from  the  initial  level.  The  fluorescence  is  time  re¬ 
solved  by  a  l  GHz  transient  digitizer  (Tektronix  R7912) 
controlled  by  a  PDP  11/10  computer;  the  data  is  averaged 
for  30  to  100  laser  shots,  ’nitial  results  for  N2  as  a  quencher 
were  obtained  with  either  a  100  MHz  transient  digitizer 
(DSP  model  2101)  or  a  scanning  gate  boxcar  integrator 
(Stanford  Research  Systems  SR250);  these  measurements 
agree  with  the  results  from  the  1  GHz  digitizer. 


A.  PluorMcanc*  polarization 

The  *D°-*P  fluorescence  is  polanzed.  and  any  effects  of 
the  collisonal  depolarization  on  the  collisional  quenching 
rate  measurements  must  be  avoided  The  excitation  light  has 
the  same  linear  polarization  as  the  frequency-doubled  dye 
laser  because  the  Raman  shifting  process  does  not  alter  the 
polarization  Dipole  selection  rules  require  the  intermediate 
level  of  the  two-photon  excitation  to  be  *P,  thus,  for  a  given  7 
in  the  excited  state,  the  population  distribution  can  be  calcu¬ 
lated  for  the  degenerate  sublevels  corresponding  to  different 
angular  momentum  projections  m,  ( the  influence  of  hyper- 
fine  coupling  is  neglected)  The 7  =  1/2  level  obviously  has 
equal  populations  in  the  rrtj  sublevels;  for  the  *S '  to  *D  0  two- 
photon  excitation,  the  7  =  3/2  level  also  has  equal  popula¬ 
tions  in  the  mj  sublevels.  For  both  the7  =  7/2  and  5/2  levels 
in  the  3 p  *D  0  state  the  initial  populations  of  the  m,  sublevels 
are  not  equal  for  excitation  with  linearly  polarized  laser 
light;  in  fact  sublevels  with  |m7|>5/2  are  not  populated  at 
all.  This  anisotropy  causes  a  polarization  of  the  fluorescence 
of  the  3 p  *D°  —  ls  *P  transition  near  870  nm. 

The  3/)  *D°—ls  *P  fluorescence  retains  most  of  its  initial 
polarization  even  after  the  excited  state  undergoes  collisions. 
At  flow  reactor  pressures  of  pure  nitrogen  above  1.5  Torr 
and  He/N,  mixtures  above  2  Torr,  we  have  observed  the 
retention  of  substantial  fluorescence  polarization. 1 1  Fluores¬ 
cence  polarization  means  that  the  spatial  distribution  of  the 
fluorescence  is  not  isotropic,  even  in  the  presence  of  col¬ 
liders.  Thus,  at  our  specific  observation  direction,  polariz 
tion-changing  collisions  may  alter  the  time  dependence  ■ 
the  fluorescence  intensity.  In  order  to  remove  any  ambigu¬ 
ities  between  collisional  equilibration  of  the  n\j  distribu¬ 
tions,  we  apply  a  magnetic  field  of  —  25  G  to  randomize  the 
magnetic  sublevels  and  destroy  the  initial  laboratory  frame 
orientation  produced  by  the  laser.14  For  magnetic  fields 
above  —  1 5  G  no  polarization  of  the  fluorescence  is  observed. 

III.  RESULTS 

The  bottom  panel  of  Fig.  2  shows  the  time-resolved  flu¬ 
orescence  following  excitation  of  N(3p  4Z)?/2 )  with  Xe  as  a 
collider.  The  upper  panel  exhibits  the  natural  logarithm  of 
this  fluorescence  data;  note  that  the  decay  is  linear  for  nearly 
four  decay  constants.  We  fit  these  time-resolved  fluores¬ 
cence  curves  to  a  single  exponential  between  75%  and  5%  of 
the  maximum  value;  Fig.  2  contains  such  a  fit  for  the  sample 
data.  Fits  of  the  decays  from  90%  to  10%  give  identical 
results,  further  assuring  us  there  is  no  significant  error  in  the 
decay  constant  from  collisional  relaxation  of  the  initial  non¬ 
equilibrium  rrij  distribution  in  the  7  =  7/2  level. 

Because  N2  is  required  for  N  atom  production,  the  colli¬ 
sional  quenching  of  N(3/>4Z)°)  by  N:  must  be  character¬ 
ized.  As  noted  above,  the  temporal  evolution  of  the  3 p  *D° 
—  3s  *P  fluorescence  was  studied  vs  pressure  for  a  pure  ni¬ 
trogen  flow.  Decay  constants  from  the  fits  of  the  time-re¬ 
solved  fluorescence  are  plotted  vs  nitrogen  pressure  in  Fig.  3, 
where  the  line  is  a  least-squares  fit  to  this  data,  weighted  by 
the  statistical  uncertainty  of  each  decay  constant.  The  slope 
of  the  line  is  the  quenching  rate  constant,  kQ  =  4.6  ±  0.4 
X  10“ 10  cm3  s_ and  the  intercept  is  the  radiative  decay 
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FIG.  2.  Temporal  evolution  of  the  laser-induced  fluorescence  from 
N(3p4/)0)  in  linear  and  logarithmic  form  The  dashed  line  is  the  linear 
least-squares  fit  to  a  single  exponential  decay. 


rate,  k,  =  2.35  x  107  s_l,  which  corresponds  to  a  radiative 
lifetime  of  43  ±  3  ns.  The  error  limits  reflect  2 -a  uncertain¬ 
ties.  Separate  experiments  were  performed  exciting  each  of 
the  four  /  levels  of  the  3 p  *D  0  state,  and  the  measured  kQ  and 
kr  are  identical  for  all  the  /  levels.  Therefore,  within  the 
±  10%  measurement  uncertainty,  the  radiative  lifetime  for 
the  Ip  *D  0  state  does  not  vary  with  /.  Figure  3  contains  data 
from  each  of  the  four  initial  /  levels. 

The  radiative  lifetime  we  determine  is  slightly  faster  but 
still  in  agreement  with  the  53  ±  8  ns  determination  by 
Richter15  who  made  intensity  measurements  in  a  nitrogen 
plasma.  It  also  agrees  with  the  theoretical  estimate  of  37  ns 


FIG.  3  The  pressure  dependence  of  the  fluorescence  decay  constant  for 
collisions  with  molecular  nitrogen. 


quencher  pressure  aom 

FIG.  4.  The  pressure  dependence  of  the  fluorescence  decay  constant  for  the 
rare  gas  colliders:  Ne  (circles),  Ar  (triangles),  K.r  (diamonds),  and  Xe 
(squares). 

from  the  method  of  Bates  and  Damgaard.16  However,  both 
the  lifetime  and  the  quenching  rate  constant  for  ,V2  disagree 
with  the  previously  published  results  from  this  laboratory  by 
the  same  two-photon  LIF  technique;  Ref.  12  reports  kQ 
=  2.4  ±  0.6 X  10-,°  cm3  s_l  and  r  =  27  ±  3  ns.  These  re¬ 
sults,  with  I -o  error  limits,  are  from  an  unweighted  fit  to 
data  taken  at  only  five  different  N2  partial  pressures,  which  is 
much  more  scattered  than  the  new  data  shown  in  Fig.  3.  If 
we  perform  a  weighted  least-squares  fit  to  the  five  decay 
constants  reported  in  Ref.  12,  we  find  a  quenching  rate,  kQ 
a*  3.4  ±  2.4X  10“ 10  cm3  s~ ',  and  a  radiative  lifetime  of 
34  ±  12  ns,  where  these  uncertainties  are  the  statistical  2 -a 
values  from  the  fit.  Note  that  these  values  differ  from  those 
reported  in  Ref.  12.  Within  the  large  statistical  uncertainty, 
the  values  we  calculate  from  the  Ref.  12  data  overlap  the 
present  results.  Also,  those  measurements  were  performed 
without  magnetic  depolarization  and  in  the  presence  of  10 
Torr  of  He.  Collisional  depolarization  may  have  shortened 
the  radiative  lifetime  observed  in  this  early  work. 

To  measure  the  rate  constants  for  N(  3 p*D  ,/2 )  quench¬ 
ing  by  each  of  the  rare  gases,  the  partial  pressure  of  nitrogen 
is  held  constant  and  the  partial  pressure  of  rare  gas  is  varied 
from  0.3  to  4  Torr.  Because  of  degeneracy,  the  signal  for 
/  =  7/2  is  four  times  bigger  than  for/ =  1/2;  thus,  the  statis¬ 
tical  precision  is  best  when  exciting/  =  7/2.  Because  we  find 
no  /  dependence  for  either  the  slope  or  the  intercept  of  the 
fluorescence  decay  data  with  N2  collider,  for  the  rare  gas 
colliders  only  the  /  =  7/2  level  is  studied.  Decay  constants 
from  the  fits  of  the  time-resolved  fluorescence  are  plotted  vs 
quencher  partial  pressure  in  Fig.  4  for  Ne,  Ar,  Kr,  and  Xe, 
and  again  the  lines  in  the  figure  are  from  a  weighted  least- 
squares  fit  to  the  data  for  each  quencher.  For  the  rare  gas 
quenching,  the  intercept  is  the  sum  of  the  radiative  decay 
rate  of  the  3 p  *D  0  and  the  quenching  by  the  residual  N;.  All 
of  the  intercepts  in  Fig.  4  are  consistent  with  the  nitrogen 
partial  pressure,  the  measured  lifetime,  and  the  nitrogen 
quenching  rate. 

Table  I  shows  results  for  the  measurements  of  the 
quenching  rate  constant  of  N  ( 3p  *D  ,/2 )  by  molecular  nitro- 
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TABLE  I  N(  3p  'D ,  t*  collmoaal  mn»; 1  raw  constants  and  croa*  sec- 


Colliwon 


Quencher 

I  10  "cm'i  ' ) 

( A‘> 

Measured  complex 

Xe 

66*  12 

400 

94  ±  17 

234 

Kr 

31  ±5 

246 

43*7 

200 

Ar 

7  7*M 

1  63 

99  ±  |  g 

176 

Ne 

11*10 

0  39 

13*12 

110 

He 

<0  6 

020 

<04 

90 

N. 

46  *  6 

1  72 

56  *  7 

1 78 

*N<  3 p‘D°)  radiative  lifetime  43  *  3  n» 

*  Error  limits  are  l-o  uncertainty 
‘  Estimated  assuming  P  -  I  (see  Eqs  ( I )  and  ( 3 ) ) 


gen  and  the  rare  gases  He,  Ne,  Ar,  Kr.  and  Xe.  Again,  error 
limits  tabulated  are  2-tr  statistical  uncertainties  from  the  de¬ 
cay  constant  vs  partial  pressure  fit  added  in  quadrature  with 
the  estimated  uncertainty  from  all  other  observables.  This 
estimated  systematic  error,  less  than  the  statistical  uncer¬ 
tainty,  is  dominated  by  the  contribution  from  the  flow  deter¬ 
mination  as  measured  by  calibrated  mass  flow  meters.  To 
examine  the  differences  between  collision  partners,  we  re¬ 
move  the  velocity  dependence  of  the  collision  rate  by  tabu¬ 
lating  a  thermally  averaged  quenching  cross  section,  aQ 
=  kQ/(v).  We  estimate  the  upper  bound  for  the  quenching 
rate  constant  of  N  ( ip  *D  °)  by  He  from  a  measurement  of  kQ 


=  15  ±  4.5x  10~l2cm“5  s  Although  the  values  for  the 


quenching  rate  constants  for  He  and  Ne  overlap  at  the  2-cr 
level,  there  is  at  the  1  -<t  level  a  monotonic  increase  in  the  rate 
constant  as  the  rare  gas  increases  in  complexity. 

There  is  a  dramatic  variation  in  quenching  cross  section 
as  the  rare  gas  colliders  become  heavier  and  have  a  more 
complex  electron  configuration.  The  quenching  cross  sec¬ 
tion  increases  by  nearly  a  factor  of  250  as  the  collider  is 
changed  from  helium  to  xenon.  Interestingly,  this  variation 
is  roughly  the  same  as  the  increase  in  the  square  of  the  polar¬ 
izability  of  the  rare  gas  collider;  the  polarizability,17  a,  for 
each  rare  gas  is  tabulated  in  Table  I.  Such  a  correlation, 
together  with  the  large  magnitude  of  the  cross  section,  sug¬ 
gests  to  us  a  long-range  interaction  of  either  the  excited  elec¬ 
tron  or  the  nitrogen  ionic  core  with  the  electron  cloud  of  the 
rare  gas  collider. 


IV.  DISCUSSION 


A  wide  variety  of  physical  mechanisms  are  invoked  to 
explain  the  data  for  the  nonresonant  collisional  quenching  of 
electronically  excited  atoms  and  small  molecules.  The  large 
magnitude  of  the  cross  section  for  the  collisional  deactiva¬ 
tion  of  the  excited  N(3p  *D°)  and  the  surprisingly  large 
change  in  its  value  among  the  rare  gas  colliders  will  be  com¬ 
pared  to  the  predictions  of  these  models,  including  several 
possible  mechanisms  published  for  other  excited  atoms. 
From  these  comparisons  we  will  conclude  that  long  range 
attractive  interactions  are  responsible  for  the  large  absolute 
value  of  the  quenching  cross  section  for  nitrogen  atoms  with 
Ar,  Kr,  Xe,  and  N2.  However,  a  simple  attractive  forces 


model'  must  be  refined  to  include  the  interaction  between 
initial  and  available  final  states  For  the  deactivation  of  ex¬ 
cited  atoms  by  rare  gas  colliders  there  are  not  enough  final 
states  for  all  close  collisions  to  mix  the  initial  states  with 
different  electronic  final  states 

The  final  electronic  states  of  the  colliders  after  the 
quenching  of  the  nitrogen  ip*D"  stale  are  unknown,  al¬ 
though  all  of  the  possible  combinations  have  substantial  ex¬ 
cess  energy  to  transfer  to  translation  Nitrogen  has  seven 
states,  three  quartet  and  four  doublet,  with  energy  less  than 
the  -  94  800  cm  1  of  the  3 p  *D  "  state  The  level  nearest  the 
one  excited  is  the  3 p  2S"  state,  which  lies  1200  cm  1  below 
the  excited  3 p  4 D the  nearest  level  of  the  same  spin  is  the 
3r  *P,  lower  in  energy  by  ~11  500  cm  ~  1  Neither  helium  or 
neon  has  excited  electronic  states  with  less  than  the  excita¬ 
tion  energy  of  the  ip  *D  "  nitrogen  atom  Thus,  these  rare 
gases  remain  in  their  ground  state  and  the  deactivation  of 
N(3 p*D°)  requires  the  transfer  to  translation  of  at  least 
1200  cm  - 1  energy.  The  heavier  rare  gases  all  have  excited 
electronic  states  with  less  energy  than  the  excited  nitrogen 
atom  energy;  argon  has  three,  krypton  has  seven,  and  xenon 
has  more  than  50.  "*  Thus,  the  number  of  possible  final  states 
increases  as  the  rare  gases  have  more  complex  electron  con¬ 
figurations.  However,  in  all  cases  except  xenon  there  is  at 
least  200  cm  - 1  excess  energy  which  must  be  transferred  to 
translation  of  the  collision  pair.  For  xenon  only  the  5/v  6/ 
states  are  within  100  cm-1  of  the  N ( ip  *D “/2 ),  and  these 
states  are  more  than  100  cm  - 1  from  the  ip  *DU  state  with 
J  =  5/2  or  7/2. 

The  geometric  collision  cross  section  for  the  excited 
atom  and  the  collider  is  the  simplest  model  of  electronic 
quenching,  and  we  apply  this  model  to  excited  N(3 p*D°) 
atoms  using  Hartree-Fock  radii.1*  These  geometric  cross 
sections  range  from  70  A2  for  Ne  to  86  A:  for  Xe,  a  variation 
much  smaller  than  observed.  In  a  simple  geometric  model, 
an  additional  variation  with  collider  might  arise  from  the 
collision  duration.  As  the  collider  becomes  heavier,  thermal 
collisions  will  have  a  longer  duration,  allowing  more  time  for 
state  mixing.  Such  an  increase  is  proportional  to  the  square 
root  of  the  reduced  mass,  and  is  only  a  factor  of  2  for  the 
He-N  to  Xe-N  variation.  Thus,  this  simple  model  is  inade¬ 
quate  to  describe  our  data  for  the  quenching  of  N(3p  *D") 
with  the  rare  gases. 

Because  the  N(  3 p*D°)  state  has  such  a  large  excitation 
energy,  nearly  95  000  cm-1,  we  first  compare  its  quenching 
with  the  collisional  removal  of  highly  excited  Rydberg  levels 
of  atoms.  These  Rydberg  atoms  have  been  modeled’-4  as  an 
excited  electron  and  a  separate  ionic  core  with  either  the  core 
or  the  electron  acting  as  a  spectator  during  the  interaction 
with  the  rare  gas  collider.  The  electronic  quenching  of  rela¬ 
tively  low-lying  Na  Rydberg  levels  with  n  —  10  correlates 
well  with  the  interaction  between  the  ionic  core  of  the  excit¬ 
ed  atom  and  the  perturber  rare  gas4;  here  the  excited  electron 
is  a  spectator  to  the  interaction.  Although  a  detailed  model 
requires  ion/rare  gas  potential  curves  the  quenching  cross 
sections  from  such  a  model  should  scale  like  the  Langevin 
cross  section,20  <j~a'n.  This  predicted  dependence  on  po¬ 
larizability  is  much  smaller  than  the  variation  observed  for 
N  atoms  The  collisional  quenching  of  the  higher-lying  Ryd- 
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berg  levels  is  though)  to  occur  through  the  interaction  of  the 
excited  electron  with  (he  rare  gas  collider'  here  the  hmik 
core  acts  as  a  spectator  to  the  interaction  For  example,  the 
electronic  quenching  of  Rb  Rydberg  states  b>  rare  gas  colli¬ 
sion  partners  has  been  studied  for  both  u<  and  nd  lex  els  ' :i 
In  both  cases  the  cross  section  increases  from  the  measured 
value  for  He  by  about  a  factor  of  100  to  the  measured  value 
for  Xe.  however,  the  minimum  cross  section  is  for  Nc  These 
Rb  Rydberg  cross  sections  are  more  than  100  times  larger 
than  those  measured  here  for  Nt  \p  *D")  atoms,  although 
the  relative  variation  with  rare  gas  collider  is  about  the  same 
These  high-lying  Rydberg  levels  are  quite  closely  spaced, 
and  little  excess  energy  is  transferred  to  translational  energy 
It  is  difficult  to  imagine  an  ionic  core  which  must  accept  its 
share  of  as  much  as  1200  cm  “  1  translational  energy  only 
acting  as  a  spectator  to  the  interaction  Electron-rare  gas 
interaction  cross  sections  typically  show  a  minimum  for  Ne 
as  observed  for  Rd  Rydberg  atom,  instead  of  the  N  ( ip  *D  " ) 
quenching  cross  sections  which  show  (at  the  1  -a  level) 
monotonic  increase  wtih  rare  gas  mass,  electron  number, 
and  polarizability  Thus,  the  models  used  for  Rydberg  level 
quenching  do  not  appear  applicable  to  the  quenching  of 
N(3 p*D°). 

There  are  similar  measurements  for  the  quenching  of 
low-lying  valence  levels  of  oxygen  and  hydrogen  atoms  by 
He  and  Ar ::  Both  0(3 p  'P)  and  H(/»  =  3)  were  also  pre¬ 
pared  by  two-photon  excitation  and  observed  by  far-red  la¬ 
ser-induced  fluorescence  Collisions  with  He  yielded  no  ob¬ 
servable  quenching,  while  those  with  Ar  showed  quite  large 
collisional  quenching  rate  constants:  1  X  10“  10  cm" ' s  "  1  for 
0(3 p  yP)  and  5  X  10“ 10  cm' 3  s~ 1  for  H(n  =  3).  Again  we 
see  cross  sections  with  large  magnitudes  for  Ar  and  quite 
small  values  for  He,  however,  other  rare  gas  colliders  were 
not  studied. 

A.  Lor  3-range  interactions  and  curve  crossings 

The  rough  variation  of  aQ  with  the  square  of  the  polariz¬ 
ability  of  the  rare  gas  suggests  that  long-range  attractive  in¬ 
teractions  are  involved  in  the  quenching  process,  at  least  for 
Ar,  Kr,  and  Xe.  We  seek  a  picture  of  the  quenching  collision 
in  those  terms.  We  first  examine  an  approach  in  which  the 
cross  section  may  be  correlated  with  some  parameter  de¬ 
scribing  that  attractive  interaction.  Lin  et  at derive  a  linear 
relationship  between  the  logarithm  of  aQ  and  the  well  depth 
(f  m-m  )  ‘ n •  For  series  of  rare  gases  studied  here,  we  find  a 
surprisingly  good  correlation  with  the  (eM.M  ) 1/:  from  Ref. 
23  and  the  results  in  Table  I,  including  the  upper  bound  for 
He.  However,  aQ  for  N2  is  a  factor  of  6  higher  than  the  rare 
gas  correlation  would  suggest.  On  the  other  hand,  the  size  of 
the  cross  section  for  Ne  and  the  upper  bound  for  He  are 
smaller  than  one  would  expect,  a  priori,  for  a  collision  gov¬ 
erned  by  attractive  forces.  Thus  we  can  conclude  that  attrac¬ 
tive  forces  are  likely  important  for  the  larger  rare  gases,  and 
turn  to  a  more  dynamical  description  of  the  quenching  pro¬ 
cess. 

The  mechanism  can  be  thought  of  in  three  parts:  first  an 
approach  of  the  excited  nitrogen  and  its  ground  state  colli¬ 
sion  partner,  then  a  mixing  of  the  initial  and  final  states,  and 
finally  a  departure  into  one  or  more  final  state  configurations 


with  the  N  atotn  now  levs  ruitrvl  T  hr  .  i>llisi.*n  partners 
which  we  have  studied  ‘all  int.-  three  diflerem  .ategones  in 
this  regard  for  Ar  ami  kt  there  are  >nlv  a  trw  energctK  ailv 
accessible  excited  final  states  >l  the  rare  gas  and  we  regard 
the  process  as  a  curve  crossing  governed  bv  the  difference  m 
the  long  range  potentials  for  the  two  configurations  In  the 
cases  of  \e  and  N  there  are  mans  possible  hna  >: at  •'  enet 
gctically  allowed  so  that  the  state  mixing  os.urs  quite  eftt 
cientlv  at  nearly  anv  internudeat  separation  Herr  an  ex 
pilot  treatment  in  terms  of  curve  crossings  is  difficult  to 
formulate,  and  wt  look  at  the  quenching  in  terms  ot  a  single 
long-range  potential  involving  R  *  attraction  and  a  R 
centrifugal  barner  For  He  and  Ne.  there  are  no  energetical 
ly  accessible  final  states  of  the  rare  gas  save  the  initial  ground 
state  Thus,  neither  the  assumption  of  av  ailahle  final  states  jt 
all  internuclcar  separations  nor  the  excitation  transfer  curse 
crossing  is  applicable  However,  an  absence  of  an  available 
curvecrossing  indicates  that  the  cross  section  must  necessar 
tly  be  small 

As  we  shall  see.  this  approach  forms  a  successful  de¬ 
scription  The  values  for  He  and  Ne  are  small,  as  de 
manded.  For  Ar  and  Kr,  the  explicit  curve  crossing  calcula¬ 
tion,  described  below,  provides  results  consistent  with 
experiment  For  Xe  and  N,,  the  single-potential  attractive 
forces  model  yields  cross  sections  similar  to  those  measured 
experimentally  We  shall  next  describe  these  calculations, 
considering  first  the  attractive  forces  picture  and  then  the 
curve  crossing/excitation  transfer  model. 

B.  Attractive  forces  model 

The  electronic  quenching  of  electronically  excited  meta¬ 
stable  rare  gas  atoms  by  a  large  number  of  colliders  is  suc¬ 
cessfully  correlated  with  a  mechanism  dominated  by  long- 
range  forces. '  A  similar  model  has  also  been  used  for  the 
electronically  excited  small  molecules:  SO-'’  and  OH  In 
this  model  the  long-range  part  of  the  interaction  between  the 
excited  species  A  *  and  the  collider  B  is  the  sum  of  the  repul¬ 
sive  centrifugal  barrier  plus  the  multipole  expansion  of  the 
attractive  interactions.  For  collisions  at  a  specific  transla¬ 
tional  energy  E,  there  is  a  maximum  impact  parameter  b„  for 
which  a  bound  complex  can  be  formed.  For  all  impact  pa¬ 
rameters  larger  than  f>0  the  collision  partners  never  sur¬ 
mount  the  repulsive  centrifugal  barrier.  For  all  impact  pa¬ 
rameters  smaller  than  b0  a  close  collision  occurs  and  a 
temporarily  bound  complex  is  formed.  We  assume  that  if  the 
collision  partners  experience  such  a  close  encounter, 
quenching  will  occur  with  some  large  probability  P  The 
quenching  cross  section  is 

a  =  nbt)  2P  ■  ( 1 ) 

To  compare  with  the  measurement  this  cross  section  must  be 
averaged  over  a  thermal  distribution  of  collision  energies;  we 
denote  the  thermally  averaged  quantity  aQ. 

This  model  has  an  analytic  solution  for  excited  atom- 
rare  gas  collisions.  The  lowest  order  term  which  contributes 
to  the  interaction  potential  is  the  R  ~  h  dispersion  term. 

V{R)  =  Eb  2/R  ‘  -  C/R* ,  (2) 

where  b  is  the  impact  parameter  and  C  is  the  van  der  Waals 
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•  here  /,  1 1 ,  )  and  a,  ut ,  '  arc  the  ionization  potential  and 
polarizability.  respectively,  of  4  and  B  The  ionization  po¬ 
tentials  of  the  two  species  are  known  spectroscopically.  and 
the  polarizabilities  of  the  ground  state  species  are  noted  in 
Table  l  W  e  estimate  the  polarizabilities  of  Nt  ip  ‘ D  ")  and 
V*  b>  modeling  these  atoms  as  essentially  one  electron 
atoms,  and  then  scaling  from  the  known  polartzahi lilies'  of 
the  ground  state  alkali  atoms  We  find  that  a  can  be  reason¬ 
ably  described  b>  the  empirical  formula 

a  =  *>  44(  n •  )  .  (  5 ) 

where  <z„  =  0  529  A,  n*  is  the  effective  quantum  number  of 
the  one  active  electron  related  to  the  ionization  potential  by 
/  =  lH(n*)~:,  and  IH  is  the  ionization  potential  of  hydro¬ 
gen  The  (»•)'’  dependence  is  expected  since  the  Lmts  of 
polarizability  are  (length ).'  and  the  unit  of  length,  the  radi¬ 
us  of  a  hydrogenic  orbital,  scales  as  (n* ):. 

The  quenching  cross  sections  calculated  from  our  at¬ 
tractive  forces  model  are  presented  in  Table  I.  The  values 
calculated  for  Xe  and  N-  are  in  reasonable  agreement  with 
the  measured  values  arbitrarily  using  a  value  of  P=  1/2. 7 
For  the  other  rare  gases  the  calculated  value  is  much  larger 
than  the  measured  oQ.  Such  long-range  attractive  interac¬ 
tions  may  be  important  in  the  determination  of  a  capture 
cross  section,  but  for  excited  .V(  ip  *D  °)  atoms  the  variation 
of  the  quenching  probability  P  for  different  rare  gas  colliders 
is  also  important. 

We  are  compelled  to  reexamine  the  basic  premises  of  the 
attractive  forces  model  in  the  context  of  these  excited  atom- 
rare  gas  collisions.  This  physical  picture  assumes  the  interac¬ 
tion  at  long  range  depends  on  the  relative  size  of  the  attrac¬ 
tive  components  of  the  potential,  and  the  repulsive  centrifu¬ 
gal  terms.  The  model  does  not  consider  the  final  states;  the 
model  assumes  if  a  close  encounter  occurs  there  will  be  an 
energetically  accessible  final  state  available  with  facile  state 
mixing.  For  the  case  of  collisions  with  Xe  and  N2,  so  many 
final  states  are  possible  that  this  assumption  may  be  reason¬ 
able;  however,  for  He,  Ne,  Ar,  and  Kr  there  are  only  a  few 
available  final  states. 


C.  Excitation  transfer 

The  long-range  attractive  interaction  may  induce  a  po¬ 
tential  curve  crossing  that  provides  a  pathway  for  excitation 
transfer.  The  physical  picture  of  this  mechanism  is  quite  sim¬ 
ple.  At  the  crossing  point,  an  electron  from  the  outer  filled 
shell  of  the  rare  gas  collider  is  captured  into  the  vacancy  on 
the  nitrogen  ionic  core,  and  the  excited  valence  electron 
from  the  nitrogen  moves  into  a  Rydberg  orbital  of  the  rare 
gas.  Even  though  exact  calculations  are  not  available,  we  can 
estimate  the  asymptotic  behavior  of  candidate  final  state  po¬ 
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The  elements  of The  method  arc  the  following  I  tr 
tain  the  asymptotic  behavior  of  the  initial  and  final  state 
potential  curves  by  estimating  the  appropriate  v  an  der  W  aals 
coefficients  (2)  Locate  the  crossings  between  the  initial 
state  and  plausible  final  states  For  consistency,  these  must 
occur  at  long  range,  where  the  approximate  potential  curves 
are  realistic  t  3  )  Estimate  the  coupling  at  each  crossing  us¬ 
ing  empirical  scaling  rules  (  4 )  Depending  on  the  number  of 
crossings  identified,  apply  one  of  the  following  methods  to 
obtain  the  cross  section  For  single  isolated  crossings,  which 
occur  for  Ar  and  Kr.  the  Landau-Zener  formula  is  used 
When  many  crossings  are  possible,  as  for  Xe  and  N-.  statisti¬ 
cal  arguments  lead  to  the  attractive  forces  model  for  the 
cross  section.  In  the  cases  of  He  and  Ne.  no  crossings  are 
identified,  and  to  first  order  the  present  model  gives  a 
quenching  cross  section  of  zero.  This  prediction  is  consistent 
with  the  observations  for  He  and  Ne.  and  indicates  that  oth¬ 
er,  less  efficient  mechanisms  are  involved. 

A  collision  of  N(3/?JZ)")  with  a  rare  gas  resulting  in 
excitation  transfer  may  be  written  schematically  as 

N(3p4Z>°)  +  X-N(JS")  +  X*(/i)  . 

The  excited  state  of  the  rare  gas  X  is  labeled  only  by  the 
principal  quantum  number  n.  Since  the  collisions  take  place 
at  thermal  energies,  we  limit  our  attention  to  the  available 
final  states  X*  such  that  the  reaction  is  exothermic  (or  at 
most  slightly  endothermic).  The  most  probable  final  state 
energy  levels  X*  may  be  determined  from  spectroscopic  in¬ 
formation,  as  discussed  above.  We  expect  that  the  asympto¬ 
tic  behavior  of  the  molecular  potential  curves  will  be 
—  C,/Rh  and  —  Cf/R  6,  where  C,  and  C,  are  the  van  der 
Waals  coefficients  for  the  initial  and  final  molecular  states.  If 
the  final  molecular  state  lies  below  the  initial  state  by  an 
energy  A£,  the  potential  curves  will  be  shown  in  Fig.  5. 


FIG  ?  Illustration  of  the  potential  curse  crossing  fi'r  the  c\ci!Jtu«n  transfer 
mechanism  The  initial  separated  atom  state.  N <  }p  *D  1  *  X.  and  the  tin ai 
state.  N 1 4S" )  -*  X*.  differ  m  energv  h>  AA ’.however,  the  difference  in  ur 
der  Waalscinrffk  tents  causes  a  curve  grossing  mlernuJear  separation  R  , 
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The  necessary  van  der  Waals  coefficients  are  estimated 
from  the  polarizabilities  of  the  interacting  species,  according 
to  Eq  ( 4 )  The  polarizabilities  of  the  ground  state  rare  gases 
are  known,  and  we  used  Eq.  ( 5 )  to  estimate  the  polarizabili¬ 
ties  of  the  excited  atoms  from  their  ionization  potentials. 
This  technique  provides  a  crude  estimate  of  the  long-range 
behavior  of  the  relevant  potential  curves.  We  note  that  the 
method  ignores  the  possible  p-like  character  of  the  valence 
orbitals,  the  interaction  w  ould  of  course  depend  on  whether 
the  p  orbital  was  onented  parallel  or  perpendicular  to  the 
intemuclearaxis.  Also,  at  smaller  internuclear  distances,  the 
interaction  will  become  repulsive  due  to  overlap  of  the  elec¬ 
tron  orbitals 

After  estimating  the  potential  curves  and  identifying  the 
crossings,  we  calculate  the  matrix  element  Hp  for  excitation 
transfer.  We  assume  that  the  matrix  element  is  determined 
essentially  by  the  matrix  element  for  the  electron  jump  from 
X  into  the  N  core.  Miller  and  Morgner:5  have  considered 
excitation  transfer  from  this  viewpoint.  The  matrix  element 
can  then  be  estimated  using  an  empirical  formula  developed 
by  Olson  et  al.2b  to  treat  charge  exchange.  Their  formula  is 

HP(R»)  ==  1 .044/ 2/ x 2 ( R  */a0 )  exp(  -  0.857/?  */au)  , 

(6) 

where  R  *  =  RU'*2  -h  I'x/2)/(2I^2),  and  /N,  /x,  and  /„ 
are  the  ionization  potentials  of  the  ground  states  of  N,  the 
rare  gas  X,  and  H,  respectively.  This  scaling  formula  has  a 
physical  basis  from  the  correlation  of  the  overlap  of  elec¬ 
tronic  orbitals  on  different  atomic  centers,  which  is  expected 
to  fall  off  exponentially  as  the  interatomic  distance  increases. 
Olson  et  al ,26  found  their  scaling  formula  to  be  accurate 
within  a  factor  of  about  3  for  a  wide  range  of  systems  in 
which  values  of  the  coupling  matrix  element  span  ten  orders 
of  magnitude.  We  would  expect  the  formula  to  predict  with 
greater  accuracy  the  relative  values  of  the  matrix  element  for 
the  sequence  of  similar  collision  pairs  consisting  of  N*  and 
each  of  the  rare  gases. 

Given  the  above  estimates  of  the  asymptotic  forms  of  the 
relevant  potential  curves  and  the  couplings  between  these 
curves,  we  proceed  with  the  estimation  of  the  cross  sections 
considering  each  rare  gas  collision  partner  separately  For 
He  and  Ne,  no  curve  crossing  is  available.  The  energy  re- 

TABLE  II  Estimates  of  cross  section  for  emulation  trunsf-r 


AEicm  1  )  C  i  eV  ■  (  t’v  \  A  A 


Final  state  of  Ar 

4i  |0  1/2]';  .( 

4 s[  !  1:2!,  I  P  > 
4i[  1  1  2  \}  ;  i  P 

Final  state  'f  K  r 


quired  to  reach  the  lowest  excited  state  of  either  He  or  Ne 
(20.8  and  16.6  eV,  respectively)  is  much  larger  than  the 
available  energy  of  the  N(3p4/)0)  (11.8  eV).  Excitation 
transfer  to  an  excited  state  of  He  or  Ne  is  energetically  for¬ 
bidden.  If  we  consider  collisional  deactivation  of  the  excited 
N,  the  closest  available  excited  quartet  level  of  N  is  1  eV 
lower,  and  the  nearest  doublet  level  is  about  0. 1 5  eV  away 
Such  levels  can  only  be  populated  if  the  energy  goes  to  trans¬ 
lational  energy  of  the  collision  partners;  the  coupling  for 
such  a  mechanism  would  arise  from  the  polarizability  of  the 
rare  gas.  Without  realistic  potential  curves,  no  rigorous  cal¬ 
culation  of  the  cross  sections  can  be  carried  out  for  this  pro¬ 
cess.  However,  for  such  a  large  energy  difference  between 
initial  and  final  states,  a  very  close  collision,  within  the  hard 
sphere  radii  of  the  atoms,  is  required.  We  expect  a  small  •.  1 
A: )  cross  section. 

Collisions  of  excited  N(3pJZ)0)  with  Ar  and  Kr  mo-.' 
nearly  satisfy  the  idealized  conditions  of  our  excitation 
transfer  model  of  quenching.  In  both  cases,  the  number  ot 
plausible  final  states  is  very  small.  We  assume  that  the  potet 
tial  curves  will  be  of  the  form  shown  in  Fig  5  The  imtia 
curve  is  more  attractive  because  C.  >  C. .  and  it  crosses  riu 
final  curve  at  the  value  Rx  determined  by  the  condition 

(C,  -  Cf)/R*x  =  \E 

Rx  must  be  sufficiently  large  that  the  asympton,  A  •  -• 

of  the  potential  is  still  a  reasonable  approximation  T  •  • 
the  case,  we  can  obtain  estimates  of  the  totai 
using  analytic  formulas  based  on  the  Ljndau  /e?n- ■  ■■■ 
for  the  probability  of  curve  crossing  The  ;es„  *  • 
obtained  analytically  by  integrating  the  ,  ur\e  .  •  >•  , 
ability  over  impact  parameter,  is 

a  =  A-R  ;  [  1  -  Ft/?,)  E  )(.  • 

where  V  is  the  initial  state  potential  • 

energy,  and  G(A  >  is  a  combmuti.  >r 
functions.  Gi  K  >  =  E  i  ’• 

rameter  A  is  given  bv 

1-H  R 

A  ;  !  I  A'  1 

where  A/  ;>•  the  .tr>v  •  •„  •  •  t 
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of  the  initial  and  final  potential  curves,  and  v  is  the  initial 
relative  velocity. 

The  assumed  final  states  and  the  van  der  Waals  coeffi¬ 
cients  used  for  Ar  and  Kr  are  tabulated  in  Table  II.  In  each 
case  we  have  listed  the  values  for  the  initial  and  the  one  or 
two  plausible  final  states.  The  cross  section  calculated  in  Eq. 
(8)  is  multiplied  by  appropriate  factors  related  to  spin  con¬ 
servation  and  the  symmetry  of  the  assumed  initial  and  final 
states.  The  spin  factor  arises  in  those  cases  when  the  initial 
spins  are  a  quartet  and  a  singlet,  and  the  final  spins  are  a 
quartet  and  a  triplet.  By  examining  the  possible  values  of  the 
total  spin  quantum  numbers  Sand  Ms  in  the  initial  and  final 
channels,  one  obtains  the  result  that  only  1/3  of  the  possible 
spin  pairings  in  the  initial  state  can  lead  to  a  possible  final 
state.  The  other  factor  arises  from  the  observation  that  the 
electron  transfer  from  the  rare  gas  to  the  nitrogen  core  is 
predominantly  between  sigma  orbitals.  (Only  sigma  orbitals 
of  the  rare  gas  have  a  projection  along  the  internuclear  axis 
of  the  collision  pair  and  thus  have  a  favorable  overlap  with 
the  N+  core.)  The  valence  orbitals  of  the  initial  N*  and  the 
final  Ar*  or  Kr*  should  have  the  same  a  and  j t  character. 
For  the  cases  we  consider,  N*  is  a  3 p  orbital  (a  or  n),  Ar*  a 
4 s(cr),  and  Kr*  a  5 p  (cr  or  it).  We  conclude  that  a  state  of 
Kr*  of  the  appropriate  spatial  symmetry  is  always  available, 
and  that  a  state  of  Ar*  is  available  1/3  of  the  time. 

The  estimates  of  the  cross  sections  for  the  excitation 
transfer  to  specific  states  of  Ar  and  Kr  are  tabulated  in  Table 
II.  The  results  are  consistent  with  the  experimental  measure¬ 
ments.  Noting  that  the  initial  estimate  for  Kr  was  smaller 
than  the  measured  value,  we  tried  a  moderate  adjustment  of 
the  final  state  van  der  Waals  coefficient.  Arbitrarily  reduc¬ 
ing  Cf  by  50%  gives  cross  sections  closer  to  the  measured 
values.  The  sensitivity  of  the  cross  sections  to  the  potentials 
highlights  the  difficulties  of  making  estimates  when  realistic 
potentials  are  not  known. 

We  draw  the  following  conclusions  from  the  preceding 
discussion.  The  mechanism  of  excitation  transfer  clearly  de¬ 
pends  sensitively  on  the  energy  levels  available  for  each  par¬ 
ticular  system.  The  estimates  we  have  obtained  suggest  that 
this  mechanism  could  account  for  the  large  dependence  of 
the  quenching  cross  section  on  the  rare  gas  collision  partner. 
More  detailed  calculations  of  the  appropriate  initial  and  fi¬ 
nal  state  potential  curves,  and  their  coupling,  would  be  nec¬ 
essary  for  a  definitive  quantitative  comparison  between  ex¬ 
periment  and  theory. 


V.  CONCLUDING  REMARKS 


Experiments  on  first  row  atoms  like  nitrogen  offer  a  rare 
opportunity  to  couple  experimental  results  with  theoretical 
predictions.  Because  of  the  small  number  of  electrons, 
ab  initio  potential  surface  calculations  are  feasible.  Armed 
with  a  dynamics  calculation  on  such  surfaces  and  the  results 
of  final  state  selective  experiments  described  below,  one  can 
undertake  detailed  comparisons  of  the  rates  and  pathways  of 
electronic  energy  transfer. 

The  excitation  transfer  mechanism  of  excited  atom 
quenching  leads  to  a  well-defined  excited  final  state  in  the 
rare  gas  collider;  such  a  prediction  can  be  verified  by  experi¬ 
ment.  The  quenching  of  nitrogen  atoms  in  the  3 p  *D  0  state  by 


Ar  and  Kr  would  produce  excited  rare  gas  atoms  which 
could  be  detected  via  laser-induced  fluorescence  or  ioniza¬ 
tion  with  a  second  probe  laser.  Detecting  these  final  states  of 
quenching  would  unambiguously  determine  the  quenching 
mechanism.  Other  initial  excited  states  can  open  or  close  the 
energetically  allowed  rare  gas  final  states.  For  example,  ex¬ 
cited  3 p  3F  carbon  atoms  do  not  have  enough  energy  for  exci¬ 
tation  transfer  with  either  Ar  or  Kr.  Thus,  if  excitation 
transfer  is  the  dominant  mechanism,  the  quenching  cross 
section  for  3 p  yP  carbon  atoms  should  be  quite  small  for  Ar 
and  Kr  colliders.  In  addition,  the  quenching  of  this  state  by 
Xe  has  only  a  single  available  final  state,  much  like  the 
quenching  of  3 p  *D  0  nitrogen  atoms  by  Ar.  This  single  ex¬ 
ample  is  but  one  of  many  possible  initial  excited  atoms  which 
could  be  studied  by  two-photon  LIF.13 

The  quenching  rate  constant  for  the  3 p  yP  state  of  oxy¬ 
gen  by  Ar  has  recently  been  measured”  and  the  thermally 
averaged  cross  section  for  the  quenching  is  1 3  A2.  The  excit¬ 
ed  oxygen  state  lies  below  the  lowest  excited  state  in  Ar;  thus, 
this  state  cannot  be  quenched  through  an  excitation  transfer 
mechanism,  and  the  large  measured  cross  section  appears  to 
be  in  disaccord  with  the  mechanism  described  above.  On  the 
other  hand,  2000  cm  - 1  below  the  oxygen  3 p  lP  state  lies  a 
3 p  SP  state.  When  the  3 p  yP  state  is  excited  in  either  a  “high 
pressure"  flow22  or  a  flame,28-29  radiation  from  the  3 p  yP  is 
observed;  the  result  of  a  collisional  spin-changing  deactiva¬ 
tion.  In  nitrogen  there  is  no  state  lying  below  the  Ip  *D  0  from 
the  same  configuration  with  the  same  orbital  angular  mo¬ 
mentum.  Thus,  this  particular  collisional  deactivation  path¬ 
way  is  not  possible.  This  example  illustrates  the  importance 
of  considering  the  final  states  of  both  species  to  understand 
the  physical  mechanism  of  collisional  quenching.  Experi¬ 
ments  with  a  careful  choice  of  collision  systems  and  final 
state  measurements  will  provide  the  detailed  rates  and  path¬ 
ways  required  for  a  comprehensive  theory. 

To  conclude  the  rate  constant  for  the  electronic  quench¬ 
ing  of  3 p  *D  0  nitrogen  atoms  by  collisions  with  rare  gases  and 
N2  has  been  measured.  We  observe  a  dramatic  variation  of 
the  quenching  cross  section  for  the  different  rare  gas  colli¬ 
sion  partners.  The  magnitude  of  the  quenching  appears 
closely  related  to  the  number  of  available  final  states.  In 
those  cases  where  only  a  small  number  of  final  states  are 
available,  we  estimate  cross  sections  consistent  with  experi¬ 
ment  using  the  asymptotic  potential  curves  of  the  initial  and 
final  molecular  states  of  the  collision  pair.  The  quenching 
occurs  when  isolated  curve  crossings  lead  to  excitation 
transfer  to  a  well-defined  final  state.  In  those  cases  where  a 
large  number  of  final  states  are  available,  the  probability  of 
quenching  is  approximated  by  a  constant  statistical  factor, 
and  the  attractive  forces  model  provides  a  reasonable  esti¬ 
mate  of  the  cross  section. 

The  radiative  lifetime  of  the  N(3p  4£>")  atoms  is  mea¬ 
sured  to  be  43  +  3  ns  in  agreement  with  earlier  indirect  de¬ 


terminations. 
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MULTIPLE  SPECIES  LASER- INDUCED  FLUORESCENCE  IN  FLAMES 
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Abstract 


We  have  observed  simultaneous  laser  excitation  of  two  or  more  radical 

species  (OH,  NH,  CH,  CN,  and  NCO)  using  a  single,  tunable  wavelength  in  the 

reaction  zone  of  various  atmospheric  pressure  flames.  Individual  species  are 

selectively  detected  by  wavelength  resolved  fluorescence.  An  overlap  among 

resonant  transitions  of  OH,  NH,  CH,  and  CN  occurs  at  312.22  nm.  Using  this 

excitation  wavelength,  all  four  radicals  may  be  measured  simultaneously  in 

both  space  and  clme.  Both  advantages  and  limitations  are  presented.  Spec- 

2  4*  2 

troscoplc  details  on  the  excitation  of  CH(C  £  )  near  314  nm,  NCO(B^n^)  near 
315  nm,  and  C^B*!  )  near  310  nm  and  333  nm  are  reported.  Following  laser 

2  +  o 

excitation  of  0H(A  I  ),  emission  was  observed  from  both  NHCA^TI^)  and 
CN(B^E+).  This  emission  can  be  attributed  to  a  surprisingly  efficient 
colllslonal  energy  tranfer  from  the  excited  0H(A)  to  NH(A)  or  CN(A).  Colli- 
slonal  deactivation  of  CH(C^E+)  to  CH(A^a)  and  CH(B^E~)  was  observed  and 
exploited  to  detect  CH  LIF  in  a  spectral  region  free  from  NH,  OH,  and  CN 
Interference.  The  diatomic  radicals  OH,  NH,  and  CN  all  exhibit  a  small  non¬ 
resonant  laser  excited  fluorescence  at  low  (0.05  J/cm^)  power  for  any  laser 
wavelength  in  this  region. 
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Laser-induced  fluorescence  (LIF)*  is  used  to  detect  a  wide  variety  of 
small  free  radical  molecules  which  are  known  or  putative  reaction  intermedi¬ 
ates  in  combustion  chemistry.  The  OH  radical  has  been  the  subject  of  most  LIF 
flame  experiments.  Because  the  OH  concentration  peaks  in  the  post-reaction-zone 
burnt  gases,  detailed  questions  about  the  chemical  mechanism  require  the 
simultaneous  measurement  of  other  intermediates.  For  comparison  with  detailed 
computer  models  of  the  flame  chemistry,  relative  concentrations  of  two  or  more 
species  in  the  same  region  are  often  more  informative  than  absolute  concentra¬ 
tions  of  just  one. 

For  measurements  of  more  than  one  radical,  the  normal  approach  has  been 
the  sequential  use  of  different  excitation  wavelengths  optimized  for  each 
species.  We  address  here  the  possibility  of  simultaneously  exciting  more  than 
one  radical  using  a  single  laser  operating  at  one  wavelength.  The  fluorescent 
emission  could  be  collected  with  a  single  optical  system  and  then  dispersed 
and  detected.  With  such  a  scheme,  the  volume  probed  in  the  flame  is  neces¬ 
sarily  identical  for  each  species.  Thus,  the  measurements  of  relative  species 
concentrations  are  free  of  the  practical  problems  encountered  when  overlapping 
two  or  more  laser  pulses  in  time  and  space.  These  problems  are  difficult 
because  of  the  variations  in  beam  temporal  and  spatial  profiles  not  only  from 
shot  to  shot  but  also  during  each  pulse  Itself.  Also,  in  the  case  of  a 
turbulent  flame,  different  laser  beams  may  not  intersect  and  the  same  point 
each  shot,  due  to  beam  steering.  Because  of  the  Importance  of  OH,  we  have 
explored  multiple-species  excitation  in  the  wavelength  region  where  hydroxyl 
can  also  be  measured. 

Historically,  this  work  began  on  LIF  of  NCO  in  flames,  comparing  its 
excitation  via  the  B-X  system  near  315  nm  to  that  using  the  previously 
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studied  A-X  system  near  440  nm.  We  found  large  laser-excited  fluorescence 
signals  from  several  diatomics,  which  fluoresce  more  strongly  than  NCO  because 
of  a  smaller  partition  function,  i.e.,  more  molecules  per  internal  quantum 
level.  This  led  to  a  search  in  this  region  for  wavelengths  permitting  simul¬ 
taneous  excitation  of  two  or  three  species.  Molecules  studied  near  310  nm 
were  OH,  NH,  CH,  CN,  and  NCO.  A  single  wavelength  absorbed  by  OH,  NH,  and  CH 
each  of  which  has  a  very  coarse  rotational  structure,  has  been  found. 

The  LIF  intensity  is  greatest  for  OH,  generally  present  at  much  higher 
concentration  than  the  other  radicals.  Therefore  it  is  important  to  optimize 
detection  wavelengths  and  evaluate  the  level  of  background  signals.  We  found 
a  very  surprising  result;  exciting  OH  produces  emission  from  NH  and  CN  in 
flames  which  include  those  radicals.  These  signals  are  about  one-thousandth 
of  that  of  OR,  and  appear  to  be  caused  by  extremely  efficient  radical-radical 
electronic  energy  transfer. 

There  have  been  previous  studies  in  which  fluorescence  from  more  than  one 

radical  has  been  resonantly  excited  in  a  flame.  These  include  excitation  of 

NH  and  OH  by  a  Kr+  laser, ^  and  CH,  CN  and  NCO  using  an  Ar+  laser. ^  In  another 

experiment,^  two  lasers  were  simultaneously  fired  to  yield  linear  Images  of 

both  C2  and  OH.  In  a  cell  at  atmospheric  pressure  and  room  temperature, 

focussed  light  at  452  nm  was  used  to  simultaneously  excite  NO2  via  single 

photon  absorption  and  NO  by  two  photon  absorption.^  The  respective  visible 

and  ultraviolet  fluorescence  was  filtered  to  form  simultaneous  one-dimensional 

images.  An  analagous  approach  for  major  species  has  been  performed  using  both 

7  ft 

spontaneous  Raman  scattering  and  CARS.  Here,  we  consider  within  a  single 
wavelength  region  optimization  of  detection  of  several  radicals.  Discussed 
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are  new  spectroscopic  aspects  of  LIF  of  CH,  NCO,  and  CN  In  flames,  the  energy 
transfer,  and  finally  laser  and  fluorescence  wavelengths  for  multiple  species 


measurement . 

Electronic  states  of  the  radicals  observed  here  are  shown  in  Fig.  1.  A 
0.07  cm  diameter  beam  from  a  pulsed  tunable  dye  laser,  with  0.03  nm  spectral 
bandwidth  and  typical  pulse  energy  of  0.2  nJ,  was  directed  into  a  small  flame 
burned  at  atmospheric  pressure  on  a  glassblowing  torch.  The  flame  front  was 
located  by  maximizing  the  NH  LIF  signal.  The  fluorescence  at  right  angles  was 
polarization  scrambled  and  focussed  onto  the  entrance  slit  of  a  small  mono¬ 
chromator  operated  at  1.5  nm  resolution;  the  resulting  photomultiplier  signal 
was  processed  with  a  gated  Integrator  averaging  over  10  to  100  pulses. 


B.  LIF  Spectroscopy 

In  the  region  near  315  no  are  electronic  transitions  of  several  flame 
Intermediates:  OH,  NH,  CH,  CN,  and  NCO.  These  transitions  overlap,  permit¬ 
ting  the  concurrent  detection  of  these  species.  We  consider  here  spectros¬ 
copic  details  of  the  excitation  in  a  flame  of  the  C-X  system  of  CH,  the  B-X 
system  of  NCO,  and  the  B-X  system  of  CN.  These  systems  represent  important 
types  of  electronic  transitions:  a  diatomic  having  a  sparse  line  structure 
with  overlapping  lines  only  in  the  bandhead,  a  triatomic  with  a  very  dense 
rotational  and  vibrational  structure  excited  in  almost  any  region,  and  a 
diatomic  with  dense  rotational  structure  Ixit  significant  vibrational  spacing. 


1.  CH 

2+2  9 

The  C  E  — X  IT  transition  of  CH  has  long  been  known;  however,  it  has  been 

used  for  LIF  flame  detection  only  in  one  other  study. It  lies  in  the  region 

of  strong  OH  excitation,  both  an  advantage  and  a  disadvantage  in  CH 
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detection.  The  diagonal  (Av*0)  bands  are  the  strongest,  so  most  of  the 
fluorescence  returns  near  the  excitation  wavelength.  The  off-diagonal  (Av*0) 
bands  are  overlapped  with  neighboring  OH  transitions  and  have  only  ~1Z  the 
intensity  of  the  diagonal  bands  (see  Fig.  3,  below).  The  C-X  absorption, 
however,  is  very  Intense  with  a  calculated  radiative  lifetime  ~100  ns ^  (the 

t  7 

predlssociative  lifetime  is  shorter).  The  C-state  is  expected  to  have  a 
greater  fluorescence  efficiency  than  the  longer  lived  kb  and  BE  states. 

There  are  six  Important  rotational  line  progressions,  two  each  of  P,  Q 

and  R.  The  Q  branches  are  highly  overlapped  forming  the  (0,0)  head  at 

314.3  nm,  the  most  prominent  feature  in  the  CH  spectrum  in  this  region.  The  P 

and  R  branches  are  a  series  of  closely  spaced  doublets  to  either  side  of  this 

head.  Figure  2(a)  shows  several  P-branch  doublets  along  with  the  strong  (0,0) 

and  weaker  (1,1)  Q  heads.  This  interference-free  excitation  spectrum  was 

obtained  in  a  flame  by  monitoring  CH  that  fluoresces  in  the  A-X  transition 

(see  below).  Figure  2(b)  is  a  fluorescence  scan;  the  excitation  wavelength, 

denoted  by  an  arrow  in  Fig.  2(a),  was  selected  to  avoid  excitation  of  either 

the  nearby  NH  or  OH.  Both  the  B-X  and  the  A-X  transitions  appear  in  the 

fluorescence  when  the  C  state  is  excited.  Radiative  cascade  from  the  C  E  to 
2  —  2 

either  BE  or  A  A  is  forbidden.  Therefore,  the  emission  from  these  levels  is 
due  to  partial  collislonal  deactivation  of  the  the  excited  C  state.  Rapid 
electronic  energy  transfer  then  occurs  between  the  A  and  B  states.  Measured 
relative  Intensities  are  C-X  (0,0):  1000;  C-X  (0,1):  7;  total  B-X:  8;  and 
total  A-X:  15.  Assuming  equal  quenching  rates  for  each  electronic  state,  and 
using  known  radiative  rates, we  conclude  that  ~10Z  of  the  excited  C  state 
population  is  transferred  to  A  and  B.  Much  experimental  work  on  both  the 
quenching  and  electronic  energy  transfer  still  remains  to  make  these  emissions 


quantitative. 


The  CH  C-X  excitation  overlaps  with  strong  bands  of  OH  and  NH.  Observa¬ 
tion  of  the  A-X  fluorescence  emission  following  C-X  excitation  provides  selec¬ 
tive  detection  of  CH,  free  from  the  strong  NH  and  OH  emission.  This  will  be 
exploited  in  our  search  for  simultaneous  excitation  of  multiple  species. 

2.  NCO 

2  9 

The  rotational  structure  of  the  B  n^-X^n^  system  is  complex  and  has  not 
been  unambiguously  characterized.  Vibrational  assignments  of  absorption  spec¬ 
tra  were  initially  made  by  Dixon^  and  confirmed  in  a  matrix  study^.  Rotational 
assignments  have  been  made  only  for  the  100-000  (vi v3"^ 
transition.^  The  000-000  band  seems  highly  perturbed  and  has  not  been 
rotationally  characterized.  Here  we  examined  the  region  near  the  band  origin 
at  315  nm;  there  are  clearly  identifiable  features  which  permit  unambiguous 
identification  of  NCO  in  the  flame  environment.  The  000  level  of  the  B-state 
fluoresces  to  many  vibrational  levels  in  the  ground  state, *7  its  spectrum 
extending  from  315  nm  far  to  the  red  in  well  separated  bands. 

Figure  3  shows  excitation  scans  observing  at  365  nm  (see  Fig.  4)  for  both 
a  low  pressure  flow  tube^  and  a  CH^/^O  flame.  The  similarity  of  the  spectra 
verifies  that  NCO  is  the  molecule  excited  in  the  flame.  Several  features  in 
the  flame  spectrum  arise  from  hot  band  excitation  not  present  at  room  tempera¬ 
ture. 

Knowledge  of  the  B(000)  fluorescence  spectrum  is  crucial  to  the  detection 
selectivity  for  NCO,  due  to  interferences  from  diatomic  molecules.  Figure  4 
shows  a  fluorescence  spectrum  obtained  exciting  the  R2  bandhead  of  000-000. 

It  shows  little  interference  and  clearly  exhibits  the  one-to-one  correspon¬ 
dence  between  the  bands  obtained  in  the  flow  cell  and  in  the  flame.  This  type 
of  band  structure  has  both  a  major  advantage  and  disadvantage.  At  least  one 


band  should  be  free  of  interference  from  diatomics,  but  any  given  band  con¬ 
tains  only  a  small  fraction  of  the  total  fluorescence,  therefore  reducing  the 
measureable  signal  Intensity.  The  000-201  and  the  000-102  are  generally  the 
best  interference-free  bands  to  observe. 

The  state  of  NCO  lies  below  (see  Fig.  1);  most  of  the  A-X 

emission  is  near  440nm.  It  was  not  detected  in  a  fluorescence  scan  at  a  level 
<0.003  of  the  total  B-X  emission. 

NCO  absorption  of  the  excitation  laser  is  not  limited  to  the  region  near 
the  000-000  bandheads  shown,  but  it  persists  over  a  much  larger  wavelength 
region  with  the  overlap  of  many  hot  bands  and  rotational  lines. 

3.  CN 

We  have  excited  low  v'  levels  of  CN  in  the  so  called  tail  band  region  of 

the  B*I  -X*E  system,  observing  fluorescence  in  the  Av-0  bands  near  388nm. 

The  hitherto  unobserved  (3,0)  and/or  (4,1)  band(s)  appear  with  R  branches  from 

309-312  nm  and  P  branches  from  312-315  nm,  and  (2,0)  and/or  (3,1),  also  not 

previously  reported,  with  R  between  330-333  nm  and  P  at  333-335nm.  Both  are 

discrete  sets  of  about  20  lines  per  nm.  Because  the  term  values  for  these 

vibrational  levels  of  both  the  B  and  X  states  of  CN  are  well  known,  the  exact 

1 8 

positions  can  be  calculated  and  assigned  easily.  The  fluorescence  inten¬ 
sity  of  the  Av*2  band  set  is  ~10Z  of  that  in  the  nearby  NH  (0,0)  lines  and 
about  the  same  as  that  induced  by  OH  excitation,  as  described  below.  That 
from  the  Av*3  bands  is  about  three  times  smaller.  Although  weak,  these  bands 
provide  the  opportunity  to  resonantly  excite  CN  in  the  same  wavelength  region 
as  OH,  NH,  and  CH.  For  quantitative  CN  measurements,  oscillator  strengths  for 
these  bands  are  needed;  at  present  only  ab  initio  calculations^  exist  for 
these  values. 
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C.  Multiple-Species  Laser- Induced  Fluorescence 

When  laser  light  at  315  nm  is  incident  upon  the  reaction  zone  of  the 
flame,  we  see  emission  caused  by  a  variety  of  processes.  These  are  fluores¬ 
cence  from  the  directly  excited  molecule  (i.e.,  standard  LIF),  fluorescence 
from  other  molecules  (NH  and  CN)  when  electronically  exciting  OH,  and  an 
underlying  continuous  background  excitation  of  OH,  NH  and  CN.  At  high  laser 
intensities  multiphoton  processes  can  come  into  play;  under  such  conditions  we 
see  emission  from  C2«  To  design  a  means  for  multiple-species  excitation  in 
this  region,  it  is  necessary  to  understand  the  limits  posed  by  the  indirect 
excitation  processes.  In  this  section  we  consider  first  the  NH  and  CN  emis¬ 
sion  produced  by  OH  excitation,  then  the  wavelengths  for  nultiple-species 
detection,  and  conclude  briefly  with  comments  on  the  underlying  background. 

1.  NH  and  CN  Fluorescence  Induced  by  Excited  OH 

?  4- 

When  the  laser  is  tuned  to  excite  only  OH,  laser-induced  fluorescent 

emission  is  produced  not  only  from  that  molecule  but  also  from  NH(A  TI^)  and 
CNCB^E  ).  This  is  a  general  phenomenon,  occuring  in  CH4/NH3/O2  and  CH4/N2O 
flames  which  contain  both  CN  and  NH,  and  for  NH  in  NH3/O2  anc*  ^2^2®  flames. 

It  appears  to  be  caused  by  electronic-electronic  energy  transfer  between  the 
radicals,  an  interesting  but  seldom  studied  collisional  process,  and  important 
in  flame  LIF  when  exciting  in  the  region  of  strong  OH  lines. 

Figure  5  illustrates  these  observations  using  fluorescence  scans;  the 
flame  is  CH4/N2O.  In  (a),  OH  is  excited  via  the  P2W  line  of  the  (0,0) 
band.  In  this  flame,  NH  emission  in  the  A-X  (0,0)  band  is  present  at  about 
10%  of  the  OH  (0,1)  band  intensity,  i.e.,  about  3  x  10“^  of  the  total  OH 
fluorescence.  The  NH  signal  is  absent  in  the  burnt  gases.  In  (b),  the  OH 
excitation  is  Pj(7)  of  (1,0).  Induced  emission  is  also  observed  in  the 


diagonal  bands  of  the  B-X  transition  of  CN,  at  about  five  times  the  intensity 
of  the  OH  (1,3)  band.  Again,  moving  to  the  burnt  gases  eliminates  this  fea¬ 
ture. 

There  are  two  possible  explanations  for  such  emission.  The  first  is  the 
energy  transfer  process,  and  the  second  is  reaction  of  excited  OH  with  some 
molecule  (NH2  and  HCN)  which  produces  the  corresponding  radical  fragment 
directly  in  the  emitting  state.  Several  experiments,  particularly  on  NH,  were 
undertaken  to  distinguish  between  these  possibilities. 

Scanning  the  laser  wavelength  while  monitoring  the  NH  or  CN  emission 
exhibits  all  the  expected  rotational  lines  of  the  (1,0),  (0,0)  and  (1,1)  bands 
of  OH,  indicating  that  the  efficiency  of  the  process  is  independent  of  the 
v',J'  level  excited.  The  intensity  is  always  proportional  to  the  OH  L1F  sig¬ 
nal,  that  is,  to  the  OH  excited  state  concentration.  It  does  not  appear  in 
the  burnt  gases,  where  there  exists  neither  NH  nor  CN  as  energy  transfer  part¬ 
ners,  but  also  no  NH2  nor  HCN  as  reactants. 

The  intensity  of  NH  emission  Induced  by  excited  OH  was  measured  in  a 
variety  of  flames  expected  to  have  widely  different  NH2  concentrations: 

NH3/O2,  CH^/NH-j/02,  H2/N20  and  CH^/N20.  In  each  case  the  NH  signal  caused  by 
OH  excitation  was  proportional  to  the  product  [ NH ] [ OH] ,  those  ground  state 
concentrations  measured  by  resonantly  excited  LIF.  This  strongly  indicates 
that  the  NH  emission  is  produced  by  0H(A)  ♦  NH(A)  energy  transfer. 

The  induced  NH  emission  is  typically  ~0.001  of  the  directly  excited  OH 
fluorescence.  Using  values  of  0.003  for  the  OH  quantum  yield  and  0.01  for 
NH,  we  estimate  that  the  0H(A)+NH(A)  transfer  accounts  for  ~3X10_l!t  of  the 
total  OH  quenching.  LIF  measurements  indicate  ground  state  concentrations 
(NH]  ~  0.03  (OH]  ~  30  ppm,  leading  to  a  cross  section  of  ~50S^  for  this 
final-state-specific  radical-radical  energy  transfer.  The  necessary  estimates 
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render  this  value  uncertain  by  three-fold,  but  indicate  that  this  process  can 
be  quite  efficient. 

The  phenomenon  was  further  studied  in  laser  pyrolysis/laser  fluores- 
2 1 

cence  experiments  at  lower  pressure.  Here,  absorption  by  SFg  of  pulsed  CC>2 
laser  radiation  rapidly  heated  a  mixture  containing  NH^  and  ^2^2  t0  ~1550K. 

The  peroxide  decomposed  to  OH  and  sufficient  F  atoms  were  produced  from  the 
SF^  to  form  both  NH2  and  NH  by  hydrogen  abstraction  from  NH3.  The  OH  was 
excited  via  A-X  (0,0),  and  NH  (0,0)  emission  was  observed  to  have  a  fluores¬ 
cence  intensity  roughly  the  same  as  OH  (0,1),  ~0.4%  of  the  total  OH  LIF.  This 
NH  emission  required  the  simultaneous  presence  of  NH3,  F-atoms,  and  excited 
OH;  its  temporal  profile  was  a  double  exponential  whose  rise  time  equaled  that 
of  the  0H(A)  decay  and  whose  decay  time  was  the  same  as  that  measured  directly 
for  NH(A) .  Upon  increasing  [NH^],  thus  producing  more  NH2  at  the  expense  of 
NH,  the  NH  emission  signal  rapidly  decreased.  This  again  indicates  energy 
transfer,  not  reaction,  is  responsible  for  the  NH  emission  induced  via  OH 
excitation. 

2.  Laser- Induced  Fluorescence  with  Overlapped  Resonances 


In  the  region  280-320  nm  there  are  many  wavelengths  at  which  two  mole¬ 


cules  of  the  set  OH,^  CH,^  NH,*^»^  and  CN^®  absorb  within  a  0.3  cm  *  band¬ 


width.  Near  315  nm  NCO  is  also  included.  In  each  case,  two  radical  species 


can  be  excited  at  the  same  time  in  the  same  volume  by  the  same  laser  pulse, 


permitting  simultaneous  LIF  without  complications  of  careful  alignment  of  two 


laser  beams  or  concerns  about  long  term  flame  stability.  Such  correlated  LIF 


measurements,  yielding  concentration  ratios,  can  address  important  chemical 


IS 


mechanistic  questions.  Table  I  lists  the  overlaps  observed. 
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Of  course,  with  a  sufficiently  wide  laser  bandwidth  one  can  readily 
obtain  overlapped  transitions.  The  0.3  cm”*  used  here  is  typical  of  many 
lasers  used  for  LIF,  and  is  close  to  the  Doppler  width  of  the  absorption  lines 
of  the  diatomic  hydrides  at  flame  temperatures.  A  larger  excitation  band¬ 
width,  covering  lines  which  do  not  overlap  within  their  linewidth,  can  lead  to 
reduced  resonant  LIF  intensity  (of  importance  in  imaging)  but  the  same 
nonresonant  background  (see  below)  and  may  cause  complications  in  interpreta¬ 
tion  due  to  multiple-line  excitation  of  one  species. 

Near  312.22  nm  there  exists  an  overlap  of  absorptions  by  the  three 
hydrides  OH,  NH  and  CH.  Fig.  6  exhibits  excitation  scans  in  this  region, 
selectively  detecting  each  of  these  three  species  plus  CN.  In  (a),  the  OH 
(0,1)  band  is  observed;  the  largest  feature  is  the  same  Pj(7)  line  of  (0,0) 
seen  in  Fig.  5a.  The  smaller  lines  primarily  belong  to  (1,1)  and  are  observed 
through  v'«l+0  energy  transfer^.  This  is  evident  in  (b)  where  the  OH  (1,2) 
band  is  detected. 

In  (c),  the  diagonal  bands  of  CN  B-X  are  detected.  The  signal  tracks 
that  of  the  OH  excitations,  illustrating  the  lack  of  dependence  of  the  energy 
transfer  on  internal  OH  level.  An  unassigned  resonant  transition  of  either 
(4,1)  or  (3,0)  of  CN  is  partially  overlapped  with  this  coincident  resonant 
excitation  of  the  three  hydrides.  The  resonantly  excited  CN  radiates  pri¬ 
marily  in  (4,4)  at  385.1  nm  or  (3,3)  at  385.5  nm,  both  shorter  wavelengths 
than  those  of  the  (0,0)  at  388.3  nm  and  (1,1)  at  387.1  nm.  Following  excita¬ 
tion  of  v'»  3  or  4  there  is  little  vibrational  relaxation  of  the  CN,  an  obser¬ 
vation  consistent  with  earlier  work.^-*  Therefore,  the  resonantly  excited  CN 
is  not  seen  In  Fig.  6c  where  the  monochromator  detects  only  fluorescence 
emitted  by  v,_0  and  1,  populated  via  excited  OH. 


In  (d),  the  NH  A-X  diagonal  band  region  of  the  A-X  system  is  selectively 
detected.  The  prominent  excitation  is  the  Pj,  P2,  P3  triplet  for  N“»12  in  the 
(2,1)  band.  Also  evident  are  OH  lines,  seen  here  through  the  energy  transfer 
as  discussed  above.  Panel  (e)  shows  an  excitation  scan  of  CH  C-X,  observed 
via  energy  transfer  to  A  A.  The  doublet  features  are  the  R^  and  R2  branches 
for  N"*7  in  (0,0),  and  the  weaker  lines  are  part  of  the  (1,1)  band. 

At  the  wavelength  of  312.22  nm,  (as  indicated  by  the  arrow  in  the  bottom 
panel  of  Fig.  6)  all  four  of  OH,  NH,  CH,  and  CN  are  resonantly  excited,  as 
seen  In  the  fluorescence  scan  of  Fig.  7.  In  the  peaks  labelled  CN,  the 
resonant  excitation  appears  as  the  feature  at  shorter  wavelength,  while  the 
taller  peak  at  longer  wavelength  is  the  OH-induced  (0,0)  and  (1,1)  emission. 
Scanning  onto  non-overlapping  OH  lines  was  used  to  measure  the  energy  transfer 
component.  Approximately  5%  of  the  NH  emission  at  the  overlap  wavelength 
occurs  by  energy  transfer  from  A-state  OH. 

3.  Other  Observations 

Underlying  all  excitation  scans  at  relatively  low  laser  power  (typically 
0.05  J/cnr)  is  an  apparently  continuous  or  nearly  continuous  background.  This 
is  observed  at  the  characteristic  fluorescence  wavelengths  of  each  of  the 
diatomlcs.  It  is  -  202  of  the  weakest  signals  discussed  above;  see,  for 
example,  the  excitation  scan  of  CH  C-X  (observing  the  weak  A-X  emission)  in 
Fig.  6(e).  These  background  signals  are  linear  in  laser  power  and  persist  to 
very  low  levels,  so  they  are  not  likely  multiphoton  processes.  They  can 
complicate  interpretation  of  LIF  signals,  especially  under  conditions  where 
one  does  not  scan  the  laser  off  a  line  to  establish  the  local  spectral  base¬ 
line.  At  higher  power  density,  new  effects  come  into  play.  When  the  laser 
intensity  was  increased  to  MJ/cra^,  fluorescence  from  C2  was  also  observed. 


D.  Summary 

We  have  described  several  LIF  spectroscopic  experiments  near  315  nm, 
performed  In  different  flames.  Here  absorptions  exist  belonging  to  several 
molecular  free  radicals  (OH,  NH,  CH,  CN  and  NCO)  Important  In  combustion 
chemistry.  The  use  of  a  tunable  laser  for  excitation  and  a  tunable  spectro¬ 
meter  for  selective  detection  has  revealed  new  aspects  of  LIF  In  flames. 

The  overlap  of  resonant  transitions  pumping  two  or  more  of  these  species 
simultaneously,  using  a  single  laser  beam,  has  been  explored.  Several 
two-species  overlaps  have  been  found,  and  there  is  one  wavelength  at  which  OH, 
NH  and  CH  all  absorb.  These  spectroscopic  coincidences  will  permit  Instan¬ 
taneous  correlation  measurements  between  different  species  In  polntwise  or 
imaging  experiments,  without  the  added  complications  of  alignment  of  two 
distinct  laser  beams  with  the  accompanying  variation  In  spatial  and  temporal 
profiles  of  each  pulse.  Such  simultaneous  measurements  could  be  made  by 
collecting  the  fluorescence  with  a  single  optical  system.  Beam  splitters  and 
appropriate  filters  would  be  used  to  direct  the  fluorescent  light  for  each 
species  to  a  separate  detector. 

During  this  search,  we  found  several  unanticipated  energy  transfer  pro¬ 
cesses.  The  first  is  emission  from  the  A  and  B  states  of  CH  following  excita¬ 
tion  of  the  higher-lying  C-state,  a  phenomenon  which  was  exploited  as  an 
simultaneous  but  Interference-free  way  to  detect  CH  in  the  presence  of  NH  and 
OH.  Second,  excitation  of  OH  led  to  emission  from  NH  and  CN  (but  not  CH), 
apparently  due  to  electronic-electronic  energy  transfer  in  radical-radical 
collisions.  This  Is  an  interesting  but  little-known  process  warranting 
further  study;  In  flames  It  places  limits  on  the  concentrations  for  which 
other  radicals  can  be  measured  simultaneously  with  OR.  Finally,  an  even  lower 
background  signal  due  to  nonresonant  excitation  of  all  radicals  at  low  laser 
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power,  and  multiphoton  processes  at  higher  intensity,  will  set  further  ulti¬ 
mate  detection  limits. 

These  interesting  spectroscopic  aspects  and  collisional  processes  deserve 
additional  investigation,  placing  simultaneous,  multispecies  detection  on  a 
more  quantitative  basis.  This  work  nonetheless  demonstrates  how  these  excita¬ 
tions  can  increase  our  understanding  of  flame  chemistry  through  knowledge  of 
flame  radical  concentrations. 
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Fig.  1 


Fig.  2 


Fig.  3 


Fig.  A 


FIGURE  CAPTIONS 

Electronic  term  energies  for  OH,  NH,  CH,  C2»  CN,  and  NCO  up  to 
35,000  cm-*  above  the  ground  state  of  each  molecule.  Vibrational 
and  rotational  energy  is  not  included.  States  observed  in  this 
study  are  shown  as  solid  lines  while  unobserved  states  are  denoted 
by  dashed  lines. 

(a)  Excitation  spectra  of  the  C-X  system  of  CH,  in  a  CH4/O2  flame, 
detected  via  fluorescence  in  the  A-X  system  at  A31  nm.  The  Q 
branches  of  both  the  (0,0)  and  (1,1)  bands  form  unresolved  band 
heads.  The  resolved  P  branch  lines  are  assigned. 

(b)  Fluorescence  spectrum  exciting  the  C^j;+,  v'*0  level  at  the 
(0,0)  Q  band  head,  as  denoted  by  an  arrow  in  (a).  The  inset 
below  the  C-X  (0-0)  fluorescence  shows  the  contribution  of 
scattered  laser  light.  Fluorescence  from  the  C-X  (0,1)  band 
and  the  diagonal  bands  of  the  B-X  and  the  A-X  systems  form  the 
labeled  features  on  top  of  a  broad,  unresolved  laser  induced 
fluorescence  background. 

Excitation  spectra  of  the  NCO  radical  in  the  B(000)-X(000)  band, 
detected  with  a  monochromator  viewing  B-X  fluorescence  in  the  000- 
201  band  at  365  nm  with  a  1  nm  bandwidth.  The  upper  trace  Is  from  a 
flame  and  the  lower  trace  in  a  room  temperature,  low  pressure  flow 
cell  (Ref.  17). 

NCO  fluorescence  spectra  when  exciting  the  R2  head  of  the 

B(0 ,0 ,0)-X(0 ,0 ,0)  band.  The  lower  spectrum  was  obtained  in  a  room 

temperature  low  pressure  flow  cell  in  Ref.  17.  The  upper  spectrum 
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Fig.  5 


Fig.  6 


was  taken  in  a  CH4/N2O  flame  by  scanning  a  monochromator  with  2  nm 
resolution.  The  corresponding  peaks  in  the  two  spectra  verify  the 
identity  of  NCO  in  the  flame.  The  numbers  above  the  peaks  in  the 
lower  spectrum  refer  to  the  ground  state  vibrational  level  on  which 
the  fluorescence  terminates.  Interference  from  OH  and  CN,  from  both 
flame  emission  and  laser-induced  processes,  appears  in  the  upper 
trace. 

(a)  Fluorescence  spectra  in  the  flame  front  and  burnt  gases  of  a 

CH4/N2O  flame  when  exciting  OH  via  the  P2(8)  line  in  the 

(0,0)  band.  The  NH  A-X  (0,0)  band  emission  results  from  OH 
excitation.  The  excitation  wavelength  does  not  overlap  with 
any  resonant  transitions  in  NH. 

(b)  Fluorescence  spectra  for  the  same  flame  when  the  OH  is  excited 
by  the  P^(7)  transition  in  the  (1,0)  band.  The  fluorescence 
from  the  CN  B-X  system  is  induced  OH  excitation.  There  is  no 
significant  resonant  CN  excitation  at  this  wavelength. 

Excitation  spectra  at  various  fluorescence  wavelengths  in  the  flame 
front  of  a  CH4/N2O  flame.  (The  arrow  in  the  lowest  panel  denotes 
the  excitation  wavelength  used  for  the  fluorescence  spectrum  shown 
in  fig.  7.) 

(a)  Monochromator  wavelength,  Xq  ■  348  nm  to  observe  fluorescence 
from  the  (0,1)  band  of  the  A-X  system  of  OH. 

(b)  Xq  ■  353  nm  to  observe  the  (1,2)  band  of  the  OH  A-X  system. 

(c)  Xq  ■  388  nm  to  observe  the  (0,0)  and  (1,1)  bands  of  the  CN  B-X 
system.  All  the  major  features  follow  OH  excitations  and  are 
energy  transfer  or  chemiluminescent  reaction.  The  tiny  lines 
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between  312.1  and  312.15  no  are  direct  resonant  excitation  of 
the  Av-3  bands  of  the  B-X  system  of  CN. 

(d)  Xq  ■  337  nm  to  observe  the  (0,0),  (1,1),  and  (2,2)  bands  of  the 
NH  A-X  system.  The  three  largest  lines  are  the  P ( 1 2 )  triplet 
of  the  (2,1)  band.  The  other  large  features  are  OH  excitation 
which  induces  NH  fluorescence. 

(e)  Xq  ■  431  nm  to  observe  the  A-X  system  of  CH.  The  doublet 
feature  is  the  R(7)  pair  of  the  C-X  (0,0)  band.  The  doublet 
just  to  the  red  of  R(7)  is  the  R(15)  doublet  in  the  (1,1)  band. 

Wavelength  dependence  of  the  fluorescent  emission  following 
excitation  at  312.22nm  (as  denoted  by  the  arrow  in  fig.  6e).  The 
spectrum  shows  resonant  LIF  from  four  species:  OH,  NH,  CH,  and 
CN.  The  large  CN  feature  has  two  peaks:  that  at  shorter  wavelength 
is  (3,3)  and/or  (4,4)  band  resonant  LIF,  and  the  emission  at  388nm 
is  that  Induced  following  OH  excitation  as  discussed  in  the  text. 
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Table  I 


CO  INC  IDENT 

RESONANT 

EXC ITATION 

WAVELENGTHS 

Excitation 

Radical 

Wavelength 

Species 

Transition 

Energy3 

334.09 

NH 

A-X 

(0,0) 

R3(4) 

29932.71 

CN 

B-X 

unknown 

Av*2 

- 

315.10 

OH 

A-X 

(0,0) 

Pi (13) 

31726.79 

NCO 

B-X 

000-000 

unknown 

- 

314.85 

OH 

A-X 

(1,1) 

Q2(5) 

31752.72 

NH 

A-X 

(2,1) 

P(17) 

- 

NCO 

B-X 

000-000 

Ri  head 

- 

314.66 

OH 

A-X 

(1,1) 

O2  head 

- 

NH 

A-X 

(1,0) 

P  (22) 

- 

314.44 

OH 

A-X 

(0,0) 

P}(12) 

31799.49 

CH 

C-X 

(0,0) 

q2O0) 

31799.4 

Q  i  ( 1 1 ) 

31799.6 

312.22 

OH 

A-X 

(0,0) 

02( 1 5)b 

32019.34 

(1,1) 

Ri  (6) 

NH 

A-X 

(2,1) 

P  i  ( 1 2) 

32019.38 

CH 

C-X 

(0,0) 

Rj(7) 

32019.32 

CN 

B-X 

unknown 

Av»3 

- 

^Transition  energies  are  taken  from  Refs.  9,  15,  22,  and  23. 
^Notation  from  Ref.  22. 
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(a)  CH  Excitation  Scans  (C-X) 


(b)  CH  Fluorescence  Scan 


A-X 


Figure  2 
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Figure  3 


(a)  CH4/N20  Flame 


(b)  Low  Pressure  Flow  Cell 
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Figure  4 
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